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The chiral edge channels in the quantum Hall regime are considered ideal ballistic quantum channels,
and have quantum information processing potentialities. Here, we demonstrate experimentally, at a filling
factor of v; = 2, the efficient tuning of the energy relaxation that limits quantum coherence and permits
the return toward equilibrium. Energy relaxation along an edge channel is controllably enhanced by
increasing its transmission toward a floating Ohmic contact, in quantitative agreement with predictions.
Moreover, by forming a closed inner edge channel loop, we freeze energy exchanges in the outer channel.
This result also elucidates the inelastic mechanisms at work at v; = 2, informing us, in particular, that

those within the outer edge channel are negligible.
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Nanocircuits at low temperature exhibit new phenomena
resulting from the quantum nature of the transport. In
mesoscopic physics, a major objective is to make use of
these phenomena to develop novel quantum functionalities
for future nanoelectronics. Quantum information process-
ing, which has the potential to outperform classical com-
puting [1], is a striking illustration. A key task to reach this
objective is to find efficient ways to enhance the robustness
of quantum effects. It is also necessary to controllably
increase the relaxation rate toward equilibrium, e.g., to
perform fast resets. Here, we demonstrate experimentally
the up-down control of energy relaxation along a single
quantum channel realized in the integer quantum Hall
regime (QHR).

In the QHR, electrons confined to two dimensions and
immersed in a strong perpendicular magnetic field propa-
gate in chiral channels along the sample edges [2]. The
electrical current circulates without dissipation along these
edge channels (EC), generally considered as ideal ballistic
quantum channels [3]. The similitude between ECs and light
beams has inspired novel electronic devices [4—6] and pro-
posals for quantum information processing [7]. However,
recent experiments found that quantum interferences with
edge states are more fragile than anticipated [4,6,8—10]. This
observation, corroborated by the recent observation of
strong energy exchanges between copropagating ECs [11],
and possibly with other thermalized states at a filling factor
of v; =1 [12], seemingly impedes the potentialities of
these ECs for quantum electronics. However, in the present
work we show how to efficiently tune the energy relaxation
and thereby the dephasing, with regards to both increasing
and freezing the energy exchanges along an EC at v; = 2,
where two copropagating ECs are present.

The basic experimental principle to probe energy relaxa-
tion is sketched in Fig. 1 and detailed in the previous works
[11,13]. It consists in driving the outer EC out of equilib-
rium with a voltage biased ‘‘injection’ quantum point
contact (QPC) and, after various propagation paths defined
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mostly by voltage biased metal gates, in measuring, at the
path’s end, the electronic energy distribution fop(E) in the
outer EC with a quantum dot (QD) operating as an energy
filter. At the output of the injection QPC, whose conduc-
tance is set to 0.5¢%/h such that the outer EC is half
transmitted and the inner EC fully reflected, the electronic
energy distributions in the outer and inner ECs are, respec-
tively, a nonequilibrium smeared double step fj,; (see left
inset in Fig. 1) and a cold Fermi function [13]. Energy
exchanges along the edge are revealed through changes in
fop(E) with the length of the propagation path between
injection QPC and QD. In the actual measurements, we
record the differential conductance dlgp/ v, «
dfon/JE, with V,, « E the voltage applied to a plunger
gate coupled to the QD and /g, the tunnel current across
the QD. In the following, we display these raw data nor-
malized by the measured maximum QD current /¢5y*. Full
details regarding the fp spectroscopy are givenin [11,13].
See [14] for specific additional information on QD
calibration.

The sample shown in Fig. 1 was patterned by e-beam
lithography on a standard GaAs/Ga(Al)As two-
dimensional electron gas of density 2 X 10! m~2? and
mobility 250 m> V™ !s~!. The same sample was used to
demonstrate nonequilibrium EC spectroscopy [13] and
energy relaxation [11] in the QHR. Conductance measure-
ments were performed using standard low frequency lock-
in techniques in a dilution refrigerator of base temperature
30 mK and near the center of the »; = 2 plateau. To avoid
artificial heating, ac voltages were always kept smaller
than kzT/e.

Energy relaxation with a voltage probe.—We show that
we can controllably drive the system up to full relaxation by
diverting the nonequilibrium EC toward a floating Ohmic
contact. The Ohmic contact here plays the role of the so-
called ““voltage probe” introduced by theorists to account
for decoherence and energy relaxation within the scattering

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.105.226804

PRL 105, 226804 (2010)

PHYSICAL REVIEW LETTERS

week ending
26 NOVEMBER 2010

¢ Hfloating
=& ohmic
contact

Vi ®B=4.25T
FIG. 1 (color online). Sample e-beam micrograph. Metallic
gates appear bright; the wide gates to the left and right of the
quantum dot are grounded and can be ignored. Electronic excita-
tions propagate counterclockwise along two edge channels, de-
picted by lines. Dashed lines connecting ECs indicate
transmission through quantum point contacts. At the output of
the injection QPC, the energy distribution f;,; is a double step (left
inset) in the half transmitted outer EC. Electronic excitations
travel along adjustable paths from the injection QPC to the QD,
and part of the outer EC can be diverted toward a floating Ohmic
contact by tuning the intermediate QPC’s transmission. Right
inset: the tunnel current I through the QD is proportional to
the energy distribution fp, probed at the QD in the outer left EC.

approach to quantum transport [15]. Voltage probes act as
reservoirs that absorb all incoming electronic quasiparticles
and emit new ones with Fermi statistics at the electro-
chemical potential dictated by current conservation. These
absorption/emission processes mimic both the quasipar-
ticles’ finite quantum lifetime and their relaxation toward
thermal equilibrium along an EC. An “intermediate”” QPC
of tunable conductance G; permits us to controllably con-
nect the Ohmic contact [see Fig. 1 and the schematic setup
in Fig. 2(a)]. The impact of similar floating Ohmic contacts
has previously been investigated on current fluctuations
[16]. More recently, their dephasing properties were ex-
plored using an electronic Mach-Zehnder interferometer
[17]. Here, we use an experimental setup that permits us
to characterize fully the corresponding energy relaxation.

This experiment is performed as follows: the injection
QPC islocated L = 2.2 pum upstream of the QD, as shown
in Fig. 1, and biased at 6V =V, —V, =36 uV. The
resulting nonequilibrium outer EC propagates for 1.4 um
along the edge before it reaches the intermediate QPC.
There, it is partly transmitted with a probability G;h/e* €
[0, 1] toward a floating Ohmic contact connected to the
bottom right ECs shown in Fig. 1. The energy distribution
in the outer EC is then measured at the QD, 0.8 um
downstream of the intermediate QPC.
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FIG. 2 (color online). (a) Experiment schematic: the outer
EC’s relaxation is forced by partly diverting it toward a floating
Ohmic contact, through the intermediate QPC (middle split gate)
of conductance G; € [0, 1]e?/h. (b) Raw data « dfop(E)/0E
(symbols) at 8V = 36 uV are plotted vs V), « E and shifted
vertically for different values of G;. The dashed line is a Fermi fit
(T, = 36 mK). Continuous lines are the weighted sums of the
data at G; = 0 and e?/h, as predicted by the scattering theory.

Figure 2(b) shows as symbols the raw data
(0Igp/aV,)/ 1% vs V,, obtained for different G; spanning
from zero to e?/h. At G; = 0, we observe a double dip that
corresponds to a significant but incomplete energy redis-
tribution (as in [11]). In contrast to this nonequilibrium
double dip, the energy derivative of a Fermi function is a
single dip whose width and inverse amplitude are propor-
tional to the temperature. In the opposite limit, G; = 2 /h,
we observe a narrow single dip fitted using a cold Fermi
function at Ty, = 36 mK (dashed line). This shows that
ECs emitted by the floating Ohmic contact are fully ther-
malized, and that they are not heated up along their way
back to the intermediate QPC. At partial transmissions 0 <
G;h/e* < 1, the data in Fig. 2(b) exhibit a more complex
shape, which we now compare to the scattering model’s
predictions.

According to the scattering theory, the energy distribution
at the intermediate QPC’s output is the sum of the distribu-
tion functions in the two incoming ECs weighted by their
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respective transmission probabilities [15]. Because interac-
tions are ignored in the scattering theory, it can be applied to
the present experiment only if the energy relaxation is
negligible along the 0.8 wum path between the intermediate
QPC and the QD. We showed in our previous work with the
same sample and under the same experimental conditions
that this is a good approximation [13]. However, the energy
relaxation is significant after a propagation path of 2.2 um
[11]. This is taken into account by using the data measured
at G; = 0 as the reference signal for the outer EC coming
from the injection QPC. The corresponding predictions are
the sum of the data at G; = 0 and e?/h weighted, respec-
tively, by the measured 1 — G;/e* and G;h/e?* [continuous
lines in Fig. 2(b)]. We find a good agreement with the data,
without any fitting parameter. In conclusion, we show
here that the connection through a QPC of a floating
Ohmic contact used as a voltage probe provides a means
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FIG. 3 (color online). (a) The nonequilibrium outer EC
propagates partly along a closed inner EC’s loop, except when
Liy = Loy (b) Raw data « dfqop/dE (symbols) for various
(L;,(um), L, (em)) are shifted vertically for the different 5V €
{—36, 36,54} uV. The data for (2.2,10) are mostly unchanged
from those for the short direct path (2.2,2.2). This implies that
energy exchanges are negligible in the outer EC along the 8§ um
closed inner EC loop. The contrast is stark with the data for the
corresponding direct path (10,10), which exhibit a broad Fermi
dip (continuous lines are fits with hot Fermi functions). The
observed energy relaxation toward a broad dip for the larger
28 wum inner EC loop of (2.2,30) shows that the above energy
exchanges freezing depends on loop size.

to controllably drive a nonequilibrium quantum channel
back toward equilibrium, in quantitative agreement with
the scattering theory.

Freezing energy exchanges.—Energy exchanges remain
important even with a single EC [12] (possibly due to the
presence of low energy spin excitations in the bulk at v; = 1
[18]). However, we show here that energy exchanges can be
frozen at v; = 2 by closing the inner EC on itself along
the outer EC’s path. The experiment schematic is shown in
Fig. 3(a). Contrary to the previous setup, the ECs transmitted
through the intermediate QPC do not reach the floating
Ohmic contact. Instead, they are redirected toward the QD
by applying a negative voltage to a surface metal gate barring
the way (either the bottom right gate in Fig. 1 or another gate
further away [14]). For G; = €?/h, the outer EC is fully
transmitted and the inner EC fully reflected. As a result, the
inner EC propagates from the injection QPC to the QD over a
distance L;, =~ 2.2 um, shorter than the outer EC’s L, = 10
or 30 wm; the extra outer EC propagation path takes place
along a closed inner EC loop of perimeter Ly, = 8 um or
28 wum. For G; = 0 and Zez/h, both the inner and outer ECs
copropagate along the same length (L;, = L) of 2.2 and
10 wm, respectively. In the following, we characterize the
experimental configuration by the two propagation lengths
(Lin(/'l‘m)’ Lout(Mm))'

Figure 3(b) shows as symbols (dIop/dV,)/I5f mea-
sured vs V,, for 6V = —36, 36, and 54 wV applied to the
injection QPC. The striking feature is that the data for
(2.2,2.2) and those for (2.2,10) are essentially identical, at
our experimental resolution. This demonstrates directly
that the energy distribution in the probed outer EC remains
unchanged along the extra 8§ pum path, and therefore that
energy exchanges are negligible. The contrast is stark
compared to (10,10), where the outer EC propagates over
the same length as for (2.2,10), but with a copropagative
inner EC. Indeed, the nonequilibrium double dip structures
apparent for (2.2,2.2) and (2.2,10) are now washed out for
(10,10), and the energy distributions have relaxed toward
hot Fermi functions [continuous lines in Fig. 3(b) are Fermi
fits]. Consequently, we find that closing the inner EC on an
8 pm loop turns down energy exchanges along the outer
EC, from a complete energy redistribution (toward a hot
electron equilibrium) to a negligible one. A different be-
havior arises with the larger 28 wm inner EC loop realized
for (2.2,30), where fqop(E) relaxes toward a hot Fermi
function with a temperature higher than that for (10,10).
This revival of energy exchanges shows that the loop size
has an important role.

We attribute the observed reduction of energy exchanges
to the discreteness of energy levels in the closed inner EC
loop, whose spacing competes with the available energy.
Indeed, for an 8 wm closed loop and using the standard
drift velocity v, = 10° m/s at v, = 2 [19], the energy
spacing S6E;, = 52 ueV is larger than or comparable to
e|8V|. Consequently, the available energy in the outer EC
is not sufficient to excite the discrete inner EC’s energy
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levels [20]. As a result, the energy exchanges between ECs
that were previously established at v; = 2 [11] are turned
off here. This analysis is confirmed by the revival of energy
exchanges for a 28 pum loop: the corresponding spacing
S8E;, = 15 weV is smaller than e|8V|; therefore there is
enough energy available in the outer EC to excite the
discrete inner EC’s energy levels.

The observation of frozen energy exchanges also pro-
vides new information regarding the inelastic mechanisms
along an EC at a filling factor of »; = 2. First, this shows
that on an 8 wm length scale at the probed energies,
interactions between electrons within the outer EC are
incontrovertibly negligible. The same conclusion applies
to many other plausible energy exchange mechanisms,
including the coupling with the nearby surface metal gates,
the nuclear spins, the disorder induced bulk states enclosed
in the loop, the nearby counterpropagating ECs, and the
additional modes within the outer EC [21] that are pre-
dicted in the presence of edge reconstruction for realistic
smooth confinement potentials [22]. Second, this sheds
light on the extra energy leak observed in (10,10) and
(30,30) [11] compared to expectations for two interacting
ECs [23]. This leak strongly suggests significant energy
transfers toward extra degrees of freedom. Following our
previous works [11,13], we extracted from fqop(E) the
increase of energy with 6V. We find that the electronic
energy is identical, at our experimental accuracy, in the
configurations (2.2,2.2), (2.2,10), and (2.2,30). This shows
that the invoked extra degrees of freedom are frozen by
closing the inner EC into a loop of up to 30 wm [24].
Consequently, the predicted additional modes within the
outer EC can be ruled out (although not those within the
inner EC). The temperatures T,,., corresponding to the
energy increase of the probed nonequilibrium excitations,
are shown with error bars in [14]. We illustrate the above
findings with 6V = 36 wV, for which we obtain approxi-
mately the same T,,. = 89, 91, and 93 mK for, respec-
tively, (2.2,2.2), (2.2,10), and (2.2,30), whereas we find
Tex. = 73 mK for (10,10).

Perspectives of the present technique to drastically re-
duce the energy exchange rate include the increase of the
electronic phase coherence length well beyond the largest
values reported in mesoscopic circuits. Indeed, although
the dephasing is known to be driven not only by energy
exchange mechanisms but also by the significant contribu-
tion of the low frequency current noise of the second
quantum Hall channel at v; = 2 [25], closing the inner
EC in loops forbids current fluctuations and thereby can-
cels out this additional contribution. In practice, inner EC
closed loops of several microns are easily implemented,
compatible even with optical lithography. From the de-
crease of the energy relaxation rate by more than a factor
of 4 [26], we anticipate an increase of the quantum coher-
ence length from 20 um [10] to near macroscopic length
scales, above 80 pm.
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