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Chargeless Heat Transport in the Fractional Quantum Hall Regime
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We demonstrate a direct approach to investigate heat transport in the fractional quantum Hall regime.
At a filling factor of » = 4/3, we inject power at quantum point contacts and detect the related heating
from the activated current through a quantum dot. The experiment reveals a chargeless heat transport from
a significant heating that occurs upstream of the power injection point, in the absence of a concomitant
electrical current. By tuning in situ the edge path, we show that the chargeless heat transport does not
follow the reverse direction of the electrical current path along the edge. This unexpected heat conduction,
whose mechanism remains to be elucidated, may play an important role in the physics of the fractional

quantum Hall regime.
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The quantum Hall effect arises for two-dimensional
electrons subjected to a strong perpendicular magnetic
field and involves gapless electronic excitations propagat-
ing in channels along the sample edge [1]. It is evidenced
from distinct plateaus in the Hall resistance Ry = Rg/v,
with Rg = h/e? the resistance quantum, accompanied by a
vanishing longitudinal resistance. At fractional values of
the filling factor v, this effect is due to Coulomb interac-
tion. It is associated with the formation of exotic electronic
phases [2], with quasiparticle excitations markedly differ-
ent from bosons and fermions and carrying a fraction of the
electron charge [3,4]. Although the fractional quantum
Hall effect was discovered three decades ago [5], the
experimental investigation of many striking aspects of
this physics is still at an incipient stage. This includes the
predicted anyonic [1] and possibly non-Abelian statistics
[6] of the fractional quasiparticles and the presence of
correlated electronic edge modes carrying heat but no
charge [7-9].

It has been pointed out since the mid-1990s that the
study of heat transport provides decisive information on
the peculiar physics of the different fractional quantum
Hall regimes [9—14]. Very recently, a nonchiral heat trans-
port at several fractional filling factors was evidenced
using noise measurements, and attributed to the presence
of upstream neutral edge modes [15—17]. In the present
work, we demonstrate a direct approach to investigate heat
transport in the fractional quantum Hall regime at the
filling factor v = 4/3 [Fig. 1(a)]. For this purpose, we
controllably inject power at several locations along the
sample channel, using voltage biased quantum point con-
tacts, and detect the resulting heating from the thermally
activated current across a quantum dot located at an inter-
mediate edge position [Fig. 1(b)]. With this approach, we
first evidence an unexpected heating upstream power in-
jection, with respect to the chiral electrical current along
the edge. We then demonstrate that this chargeless heat
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current flows in the bulk, further away from the edge than
the electrical path. The relatively important upstream heat-
ing suggests the corresponding chargeless heat transport
mechanism may play an important role in the physics of
the fractional quantum Hall regime.

The studied sample is tailored in a typical two-
dimensional electron gas of density 2 X 10> m™? and
mobility 250 m>V~!'s™!, buried 105 nm deep in a
GaAs/Ga(Al)As heterojunction. Note that similar obser-
vations on a second sample confirmed the reported find-
ings. We performed the measurements either at dc or by
standard lock-in techniques at frequencies below 100 Hz,
in a dilution refrigerator of base temperature 40 mK [18].
Heaters, detector and sample geometry are tuned by field
effect using capacitively coupled surface metal gates
[Fig. 1(b)]. We applied a perpendicular magnetic field
B=6.0T to set the sample in the middle of the zero
longitudinal resistance plateau at » = 4/3 (see Fig. 1(a)
and [18]; the extracted thermal activation transport gap is
~kg X 700 mK). According to the effective edge state
theory [1], the electrical edge current at this bulk filling
factor is carried by two channels copropagating in the same
direction. The v = 1 outer channel [white line in Fig. 1(b)]
is associated to the integer quantum Hall physics, and the
v = 1/3 inner channel to the fractional physics [yellow
(medium gray) line in Fig. 1(b)].

The data in Fig. 1(c) confirm the reality of the above
edge picture. A bias of 1.9 uV = (3/4)Rgx X 100 pA is
applied to the left top contact and the resulting currents
are measured at different locations as a function of the split
gate voltage tuning the constriction Hy;. The current Iy,
transmitted across Hy is zero for gate voltages below
—0.5 V and increases up to the injected current above
0.3 V. Importantly, /;;; shows a wide plateau, larger than
0.3 V, at 3/4 of the injected current. This plateau corre-
sponds to the full transmission of the » = 1 outer channel,
which carries three times more current than the fully
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FIG. 1 (color online). Measured device. (a) Measured Hall
resistance R,, versus perpendicular magnetic field B. (b) SEM
micrograph of the sample. Surface metal gates appear brighter.
Large and top right gates (not colorized) are grounded. The large
Ohmic contacts indicated as black disks or as a rectangle are
located hundreds of microns away. At filling factor v = 4/3, the
electrical current propagates anticlockwise along two edge chan-
nels (lines). The fractional inner channel (yellow [medium gray]
line) is locally heated up by voltage biasing a quantum point
contact (upstream Hy;, downstream Hp; or Hp,) using its split
gate (colorized red [medium-light gray]) to set it to half (fully)
transmit the inner (outer) channel. The heating induced in the
inner channel is probed from the current /5, across the detector
(D) set in the Coulomb blockade regime using its split gate
(colorized blue [light gray]). (c) Test of electrical edge paths,
with Hp, and D set to perfectly transmitting the integer outer
channel, Hp; set to perfectly reflecting it, and the fractional
inner channel being fully reflected at the three split gates.
Symbols display outgoing currents, measured at different loca-
tions versus the gate voltage controlling Hy, for a current of
100 pA injected at the left top contact.

reflected fractional » = 1/3 inner channel. Similar behav-
iors are observed across all the studied constrictions of this
sample. In order to establish the distinctness of the two
copropagating channels, the constrictions labeled D and
Hp, were tuned to fully transmitting (reflecting) the outer
(inner) channel, and the constriction Hp; was closed. In
this regime, the vanishing currents /5, and I, at positive
split gate voltages show that the electrical current Iy is
carried only by the inner channel, with negligible charge

tunneling toward the outer channel between H; and Hy,.
Similar tests were performed in presence of the largest
injected powers to establish the counterclockwise (chiral)
propagation of the electrical current as well as the absence
of interchannel tunneling in all the experimental configu-
rations investigated hereafter.

Now that we have characterized charge transport, we
investigate heat transport by injecting power and probing
the resulting heating in the fractional inner edge channel.

Power is injected locally into the inner channel by
applying a voltage bias Vjy across a constriction set to
transmit half (all) of the current carried by the inner (outer)
channel. These constrictions were tuned to have little
voltage dependence of their transmission, as shown in
Fig. 2(a). At half transmission of the inner channel, the
injected power into edge excitations is Py =~ 0.25V%/6Rx
[18]. One heater Hy; is located at an edge distance 1.8 pwm
upstream of the detector D, and two heaters Hp; and Hp,
are located, respectively, at 1.4 and 2.2 um downstream of
the edge channel.
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FIG. 2 (color online). Heaters and detector characterizations.
(a) I-V characteristics of the heater quantum point contacts
(symbols), with I}L‘,‘ the measured dc current transmitted in the
inner edge channel and Vy the applied voltage bias. The con-
tinuous line (green) is a calculation for an exactly half trans-
mitted inner edge channel. (b) Representative surface plot of
alp/dVp = 7p/3Rx + 1/Rg (higher is brighter) versus the
detector bias voltage V, and the split gate voltage controlling
D. Darkest areas correspond to the detector inner edge channel
transmission 7, = 0. (c) Measured 7 versus V, for different
temperatures T € {40, 100, 150, 200} mK, keeping the detector
split gate voltage fixed. (d) Symbols: measured 7,(Vp = 0)
versus T for the same detector settings as the data in (c).
Continuous line (red): fit assuming a metallic quantum dot
(see text).
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Heating in the fractional inner channel is detected from
the activated ac current across the constriction D tuned to
the Coulomb blockade regime. Interestingly, this regime is
here obtained with a simple split gate. Such a behavior is
usually attributed to small variations of the 2DEG density
of states in the vicinity of the constriction. The Coulomb
blockade regime is first evidenced by the appearance of
Coulomb diamonds in the bias and gate voltage depen-
dence of the inner channel transmission 7, = 3Rgdlp/
dVp — 3 [Fig. 2(b)]. The detector split gate voltage is
adjusted using the Coulomb diamonds to tune the activa-
tion temperature of 75 to a value much higher than the base
temperature, but sufficiently low to detect a small heating.
Figure 2(c) displays 7p versus the detector voltage bias
and, for several temperatures, at the working point used
hereafter (unless otherwise specified). In order to minimize
power injection at the detector, we probe the electronic
temperature from 7, measured at zero detector bias
voltage Vp, =0 and we restrict our investigation
to 7p < 0.2. The detector is calibrated at thermal equilib-
rium by measuring 7, versus temperature 7 [Fig. 2(d)].
Remarkably, despite the fractional character of the studied
v = 1/3 inner edge channel, we find a very good agree-
ment between the measured 7,(7) (symbols) and the
simple Coulomb thermometry expression [19,20] 7p
cosh™%(T¢/T) (red line) with an activation temperature
Tc = 155 mK, compatible with the nonlinear character-
ization value = 150 mK [18]. In the present heat transport
experiment, only one side of the detector is heated up and
the electronic energy distribution in the corresponding
inner edge channel could be different from an equilibrium
distribution function [21]. We, therefore, extract an effec-
tive temperature 7.5 from the inverted temperature cali-
bration shown Fig. 2(d).

Figure 3(a) shows the detector transmission as a function
of the voltage bias Vy applied either to the heater upstream
(Hy, A) or downstream (Hp,, A), with the inner edge
channel fully reflected at Hp;. Assuming only that 7
increases with the temperature, we find as expected that
heating is the largest for the upstream heater Hy;, directly
connected to the detector by the current carrying edge
modes, and that heating increases with V. More sur-
prisingly, the raw data demonstrate the presence of a
smaller but relatively important heating from the down-
stream heater Hp,, without associated electrical current.
This is in contrast with the copropagation of heat and
charge seen at integer filling factors [15,22] and, in par-
ticular, on the same sample at v = 2 [21,23]. Figure 3(b)
shows on a surface plot of 7, the interplay of heating
upstream and downstream the detector (the detector is
here set to a slightly higher activation temperature than
elsewhere). Remarkably, the equitransmission lines (red)
display ellipsoid shapes of similar aspect ratios. This is
illustrated at 7;, = 0.05 with the ellipse (V/60 wV)?* +
(Vypa/136 uV)?> = 1 (white dashed line). The detected
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FIG. 3 (color online). Heat detection versus heater position.
(a) Measured detector inner edge channel transmission
7p(Vp = 0) versus the voltage bias Vg applied either to the
heater Hy; upstream (A) or Hp, downstream (A), with the inner
edge channel fully reflected at Hp,. (b) Surface plot of 75 versus
the simultaneously applied upstream Vy;; and downstream Vi,
heater voltages, with the inner channel reflected at Hp;. The
detector is here set to a slightly higher activation energy than
elsewhere. Continuous lines (red) are equitransmission contours
at integer multiples of 0.025. The dashed line is a fit of the
equitransmission line 7, = 0.05 with an ellipse of minor (major)
diameter 60 uV (136 wV) along Vyy (Vypy). (c) Effective
temperature T extracted from 7,(Vp = 0) in (a), using the
temperature detector calibration [Fig. 2(d)]. (d) Symbols:
Difference between the squared effective temperature and the
thermal contribution 7%:(Vy = 0) ( energy increase) plotted
versus V% (o injected power) for each heater. Full (open)
symbols correspond to heating upstream (downstream). In the
“Hp, long edge” configuration, more than 91% of the inner
channel electrical current is deviated toward a large Ohmic
contact at the intermediate downstream heater Hp,. Straight
lines are guides to the eye.
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heating is, therefore, approximately given by simply sum-
ming up the upstream and downstream injected power with
a fixed scaling factor. The observation that injecting power
in the upstream heater does not facilitate the chargeless
heating from Hp, confirms that this phenomenon is not
related to a local destruction of the fractional state.

To investigate further the heat transport mechanisms
and, in particular, the chargeless heat transport possibly
driven by neutral excitations, the effective temperature 7.
is extracted from the measured 7 [Fig. 3(c)]. In order to
focus on the increase in energy density within the » = 1/3
inner edge channel, we plot for different heater positions
T2(Vy) — T24(Vy = 0) as a function of V3, which is
proportional to the injected power [Fig. 3(d)]. The validity
of this procedure to subtract the thermal background was
established experimentally by checking that data taken at
different temperatures 7 = {50, 100, 150} mK fall on top
of each other [18]. Note that, if we assume a thermal
energy distribution at the temperature Teg(Vy), the plotted
quantity would be directly proportional to the increase in
electronic energy density due to the injected power. The
increase in the effective energy density is found propor-
tional to the injected power when heating upstream (Hy,),
as expected in the simple edge channel picture [21].
Interestingly, the same linear dependence is also observed
when heating downstream the detection point (Hp, Hpy,),
in presence of only chargeless heat transport (straight lines
are guides to the eye). These observations were reproduced
for different settings of the heat detector and on two
samples. They are compatible with a proportion of injected
power transferred at the heaters into neutral modes, which
does not depend on energy (nor on base temperature up to
150 mK [18]). It is also consistent with a chargeless heat
current that has the same energy dependence as the heat
current by the charged edge modes, which is expected to be
proportional to the energy density. Interestingly, the same
heating is detected when using either the closest down-
stream heater Hp,, or the furthest downstream H ), with an
injected power increased by a factor 1.8 = 0.3, similar to
the heater-detector distance ratio ~1.6.. (This quantitative
comparison can be done using the raw 7, directly.)

Neutral edge modes propagating in the opposite
direction to the electrical current are not usually expected
at v = 4/3 [24]. Nonetheless, such phenomena could re-
sult from edge reconstruction due to Coulomb interaction
in presence of a realistic smooth confinement potential at
the edge [25-28]. In order to discriminate between charge-
less heat transport along the edge or through the bulk, we
deviate the electrical edge path between the detector and
the heater Hp, toward a macroscopic Ohmic contact lo-
cated 600 pwm away. This is done by opening the inter-
mediate constriction Hp;. Note that the same Ohmic
contact at ¥ = 2 was found to behave like a reservoir of
cold electrons [23]. Here the simultaneous monitoring of
the conductance through Hp; allows us to ascertain that

between 91% and 96% of the electrical current carried by
the inner edge channel reaches the contact. Therefore, if
the chargeless heat transport is carried by neutral modes
following the reverse direction of the electrical current
along the edge, we should observe a strong reduction in
the detected heating. On the contrary, the corresponding
data labeled “Hp, long edge” in Fig. 3(d) (o) are indis-
tinguishable, at our relative experimental accuracy of
*15% [18], from injecting power with the same heater
Hp, without deviating the edge path (A). This shows that
the presently observed chargeless heat transport propagates
through the bulk. We remark that this central conclusion
can be reached directly from the raw 7, measurements.
Note also that the observation of a similar upstream heat
signal, when the injected power and heater-detector dis-
tance are scaled by the same factor, is consistent with an
isotropic 2D-bulk heat transport (see [18] for further dis-
cussions on heat paths). Intriguingly, the recent noise
measurements investigating neutral edge modes [15-17]
have not pointed out such a chargeless heat transport
through the bulk. However, to the best of our knowledge,
these previous noise measurements would not discriminate
between bulk and edge heat transport [18].

The mechanism responsible for this observed chargeless
heat transport is presently not known. In principle, the
coupling to phonons is possible, but different estimates
suggest it is negligible [18,29,30], and it did not result in
discernable heat transfers at ¥ = 2 on the same sample and
energy scales for propagation distances up to 30 um
[18,23,31]. Heat transfers between edge states and the
electronic excitations in the nearby surface metallic gates
were also found negligible at v = 2 [23,31]. A possibility
is the coupling to low-energy spin degrees of freedom in
the 2D bulk. In that respect, it is noteworthy that experi-
mental signatures of a spin-unpolarized 2D bulk were
observed in similar devices set to v = 4/3 [32,33], and
that low-energy spin excitations were evidenced from the
fragile spin polarization at ¥ = 1 [34]. Another possibility
is the coupling to localized electronic states in the 2D bulk
by the long range Coulomb interaction. Such states are
more abundant in the fractional quantum Hall regimes,
where the fractional gap is not much larger than the energy
broadening by disorder. It is conceivable that in our sam-
ple, the presence of such states is favored by the wide
surface gate located along the edge channel and fixed at
ground potential [Fig. 1(b)].

Finally, an important outcome of this work is the dem-
onstration of a direct method to investigate heat transport
in the fractional quantum Hall regimes. This opens the path
to novel experiments studying the intriguing electronic
states found in these regimes.
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Note added.—Recently, we became aware of two related
experimental works investigating heat transport in the
quantum Hall regime with quantum dots [35,36].
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