PRL 105, 056803 (2010)

PHYSICAL REVIEW LETTERS

week ending
30 JULY 2010

Energy Relaxation in the Integer Quantum Hall Regime
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We investigate the energy exchanges along an electronic quantum channel realized in the integer
quantum Hall regime at a filling factor of v; = 2. One of the two edge channels is driven out of
equilibrium and the resulting electronic energy distribution is measured in the outer channel, after several
propagation lengths 0.8 um = L = 30 um. Whereas there are no discernible energy transfers toward
thermalized states, we find efficient energy redistribution between the two channels without particle
exchanges. At long distances L = 10 wm, the measured energy distribution is a hot Fermi function whose
temperature is lower than expected for two interacting channels, which suggests the contribution of extra
degrees of freedom. The observed short energy relaxation length challenges the usual description of
quantum Hall excitations as quasiparticles localized in one edge channel.
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The basic manifestation of the quantum Hall effect is a
quantized Hall resistance Ry = h/e’v;, accompanied by a
vanishing longitudinal resistance. In this regime, quantiza-
tion of the two-dimensional cyclotron motion opens a large
gap separating Landau levels in the bulk of the sample
from the Fermi energy. The only available low energy
excitations propagate along the edges, where the Landau
levels cross the Fermi energy. The effective edge state
theory suggests these excitations are prototypal one-
dimensional chiral fermions (IDCF) [1], each of the v,
edge channels (EC) being identified with a one-
dimensional conductor. Because backscattering is forbid-
den by chirality, ECs are considered to be ideal ballistic
quantum channels. Their similitude with light beams has
inspired electronic analogues of quantum optics experi-
ments [2-5] and proposals for quantum information appli-
cations [6]. However, the nature and decoherence of edge
excitations are poorly understood, as highlighted by un-
expected results obtained with electronic Mach-Zehnder
interferometers: an unusual energy dependence of the in-
terference fringes’ visibility [2,7], a non-Gaussian noise
[8], and a short coherence length [9,10]. Interactions be-
tween ECs and with their environment are seen as the key
ingredient to explain these results (see, e.g., [11,12]).

In the present experimental work, we investigate the
interaction mechanisms taking place along an EC through
the energy exchanges they induce. A similar approach was
previously used on mesoscopic metal wires [13] and on
carbon nanotubes [14]. Here we focus on the filling factor
v; = 2, where two copropagating ECs are present, and at
which the above unexpected results were observed. Our
experiment relies on the techniques we recently demon-
strated to drive out of equilibrium an EC and to measure
the resulting energy distribution f(E) of 1DCF quasipar-
ticles [15]. There, we drove out of equilibrium only the
outer EC, and f(E) was measured in the same EC after a
short 0.8 pum propagation distance, for which the energy
redistribution is negligible. Here, we drive out of equilib-
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rium selectively either the inner or the outer EC and probe
f(E) in the outer EC after various, much longer, propaga-
tion paths, up to 30 um. The electronic energy transfers,
including those within and between the ECs, are revealed
through changes in f(E) along the edge. This gives us
access to the underlying interaction mechanisms.

The measured sample displayed in Fig. 1 was tailored
in a two-dimensional electron gas realized in a
GaAs/Ga(Al)As heterojunction of density 2 X 10> m~2,
mobility u = 250 m> V~!s™!, and measured in a dilution
refrigerator of base temperature 30 mK [16]. The relevant
ECs are defined by voltage biased surface metallic gates
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%

FIG. 1 (color online). Sample micrograph: metallic gates ap-
pear bright; the two widest gates (not colorized) are grounded.
The current propagates counterclockwise along two edge chan-
nels (EC) depicted by lines. White dashed lines indicate inter-
mediate EC transmissions. At the output of the voltage biased
quantum point contact (left in figure), the electronic energy
distribution is a double step (left inset) in the partly transmitted
EC (dashed outer EC in figure). After an adjustable propagation
distance (L = 4 pm in figure), the energy distribution f, in the
outer EC is measured using a quantum dot (white circle, see right
inset).
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(except a small portion defined by mesa etching for the
longest propagation paths, see [16]). The energy distribu-
tion fp(E) in the outer EC at the drain (D) side of a
quantum dot (QD, white circle in Fig. 1) is probed using
the QD as an energy spectrometer, as has already been
described in [15]: We record the differential conductance
dlop(Vg)/dVg = dfp(E)/IE, with Iop the tunnel current
across the small QD set to have a single active electronic
level, while sweeping the voltage V; applied to a capaci-
tively coupled gate [15]. The path length L €
{0.8,2.2,4, 10,30} um is tuned in situ by first choosing
the pair of metallic gates that define the quantum point
contact (QPC) at which a nonequilibrium energy distribu-
tion fgpc is induced, and then by applying a negative
voltage to selected gates to define the path between the
QPC and the QD. A nonequilibrium smeared double step
faopc(E) [15] is induced at the output of the voltage biased
QPC selectively in the outer or inner EC by adjusting the
QPC’s conductance to 0.5¢?/h or 1.5¢>/h, which are
illustrated in Figs. 2(a) and 3(a), respectively.

First, we generate a nonequilibrium energy distribution
in the measured outer EC [Fig. 2(a)]. The raw dlop/9 Vg
data are shown in Fig. 2(b) for several lengths L, at fixed
QPC voltage bias 6V, = 36 wV. For the shortest propa-
gation length L = 0.8 um, we find a double dip close to
expectations for noninteracting ECs and, consequently,
that energy exchanges are small on this scale [15]. As L
is increased the signal evolves toward a single dip. This
demonstrates energy exchanges, which occur here on a
characteristic length L;,; = 3 um [16]. At the two longest
propagation paths, we find the same broad dip within
experimental accuracy. It corresponds to a drain Fermi
distribution of temperature 7}, = 85 mK (solid lines on
top of data at L = 10 and 30 wm), much larger than the
equilibrium dip’s temperature 7., = 40 mK (data at
6Vp =0 are shown for comparison as a dotted line).
Complementary tests were performed to ascertain the ob-
served energy exchanges are not artifacts [16].

We now investigate the interaction mechanisms respon-
sible for the established energy exchanges. A simple
mechanism could be the tunneling of charges between
copropagating ECs, but we found it is here negligible
[16]. In particular, anomalous quantum Hall effect mea-
surements [17] showed that there is here no equilibration
along the considered paths between the different electro-
chemical potentials of the two copropagating ECs.
Important information to elucidate the interaction mecha-
nisms can be obtained from the total energy E,, of the
probed outer EC’s 1DCFs. Let us consider several scenar-
ios. (i) If interactions are essentially between 1DCFs in the
same EC, then energy conservation in the stationary re-
gime implies E,, is unchanged along the propagation path.
On the other hand, (ii) if there is a significant interaction
with thermalized states, such as the many quasiparticles
within the surface metal gates along sample edges or the
phonons, then E,,,; should relax toward its cold equilibrium

(mv')

max
QD

o

=
=
o
>
<
)
[}
o
<
)

0
8V, (nV)

FIG. 2 (color online). (a) The outer EC is driven out of
equilibrium. (b) Raw data (symbols) at 6V = 36 uV, shifted
vertically for several L. The nonequilibrium double dip relaxes
over L;,.; = 3 um toward a dip broader than the equilibrium dip
at 6V = 0 (dotted line). Solid lines are calculations with a
Fermi distribution at 85 mK. (c) Excess temperatures extracted
from the data (symbols) and prediction at the QPC output
(dashed line). The outer EC cools down as L is increased and
saturates at a value below expectations for two interacting ECs
(dotted line, see text).

value E,,(6V, = 0), or, if either the coupling constant or
the density of these states vanishes at low energies, toward
a fixed value at large 6Vp. Last, (iii) if interactions are
essentially with other copropagating states, then the in-
jected energy redistributes. Therefore E,, should decrease
to a value above E,,(8Vp = 0) by an amount proportional
to the injected energy. The copropagating states could be
the inner EC’s 1DCFs or/and additional internal EC modes
[18] that are predicted to exist in most situations due to
edge reconstruction [19].

Figure 2(c) shows the outer EC’s energy for various L
and 6V as the generalized excess temperature T, =

VOl Eou — Eou(8V)p = 0)]/vmk} (symbols), with » the

outer EC’s density of states per unit length and energy. The
ratio E,,,/v can be obtained from f, using
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Eou/v = [ (E - wfp(E) — 6(u — BAE, (1)

with 6(E) the step function and u the electrochemical
potential (the full procedure to extract T,,. is detailed
in [16]). We find T, relaxes as L increases, from a value
very close to the QPC output prediction Texe =
VBel8Vp|/(2mky) (dashed line) at L = 0.8 um, down to
T = (0.61 = 0.04)T: at L =10 and 30 um for
|6Vp| > 20 wV. The saturation of T, at long propagation
lengths to a value proportional to Texe at the QPC output is
incompatible with significant dissipation toward thermal-
ized states on the probed length scales [scenario (ii)].
Instead, this observation corresponds to expectations for
interactions with copropagating states [scenario (iii)]. Last,
energy exchanges between 1DCFs of the same EC [sce-
nario (i)] are relatively weak compared to the dominant
mechanism. Indeed, they preserve T.,., whereas we find [,
and T,,. evolve on the same length scale, as seen in
Figs. 2(b) and 2(c). Additional experiments not shown
here further demonstrate that this energy exchange mecha-
nism is negligible for L = 10 pwm [20].

The data are compatible with energy redistribution with
copropagating states, but which states? It is most natural to
assume the 1DCFs of the two copropagating ECs exchange
energy. This hypothesis can be tested directly by generat-
ing a nonequilibrium energy distribution in the inner EC
(Ggpe = 1.5¢%/h), with f,, still being measured in the
outer EC [see Fig. 3(a)]. Figure 3(b) shows raw data
obtained in this configuration at 6V, = 54 uV for several
L. We find that the dip broadens as L is increased, and
therefore that the outer EC heats up. This unambiguously
demonstrates energy exchanges between ECs. Figure 3(c)
shows T, in the outer EC (symbols), which increases with
L as expected from the raw data. Note that T, (L =
10 wm) is approximately independent of which of the
inner or the outer EC is driven out of equilibrium, as would
be expected for a complete energy current equipartition
between ECs.

These results are in qualitative agreement with recent
investigations of dephasing at v; = 2, which established
current noise in one EC reduces phase coherence in the
second EC [8,21]. The dephasing length L,(T) =
20 um/(T/20 mK) [10] can be compared to the inelastic
length. Using the injected excess temperature Texe =
115mK at 6V, =36 uV, we find L,(115 mK) =~
3.5 pm, similar to the corresponding L;, = 2.5 *
0.4 wm [16]. This strengthens the case for a same physical
mechanism at the root of both dephasing and energy ex-
changes. However, contrary to dephasing [21], energy ex-
changes cannot be accounted for by low frequency noise
within perturbation theories.

We now discuss different theoretical models aiming at
explaining the present data. Within the widespread picture
of 1DCF quasiparticles, the minimal approach is to include
interactions between copropagating ECs as a small pertur-
bation. However, in absence of disorder, energy exchanges
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FIG. 3 (color online). (a) The inner EC is driven out of
equilibrium. (b) Raw data at §Vp = 0 (dotted line) and 6V =
54 uV (symbols), shifted vertically for several L. The dip
broadens as L is increased. (c) Excess temperatures extracted
from the data (full symbols) and prediction at the QPC output
(dashed line). The outer EC heats up as L is increased, up to an
excess temperature close to that when driving the outer EC out of
equilibrium [7,,.(L = 10 um) in Fig. 2(c) are shown here as
open symbols ( V)].

between 1DCFs of different drift velocities v, would be
essentially suppressed, due to combined energy and mo-
mentum conservations. Therefore, it is crucial to assume a
sufficient disorder to break momentum conservation.
Motivated by the present work, Lunde et al. modeled inter
EC interactions as a density-density coupling, where dis-
order changes the coupling coefficient along the edge
with a correlation length € [22]. Within this model,
Teo(L/Ly, 8Vp) was obtained up to an unknown length
scaling factor L,. Comparing with the data, it was found
that the nonlinear shape of T...(8Vp) can be reproduced
using a reasonable micron-scale € [22]. On the other hand,
general arguments imply that two weakly interacting
1DCF branches cannot result in 7., < T3 /+/2 at satura-
tion [16,22]. Surprisingly, we find T, at long L saturates
about = 13% below this lower bound [displayed as a
dotted line in Fig. 2(b)]. Such a discrepancy is significantly
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larger than experimental error bars. Although a good
agreement data theory was reached in [22] assuming
ad hoc the presence of a hidden third EC, one may wonder
if the discrepancy results from the perturbative treatment of
interactions. Note that the weak interaction hypothesis
could not be checked in [22], due to the unknown length
scaling factor in the theory.

Alternatively, density-density interactions between cop-
ropagating 1DCFs can be handled nonperturbatively using
the bosonization technique [23]. Within this framework,
edge states are depicted as collective magnetoplasmon
modes. For strong enough interactions, these are fully
delocalized over the ECs [12,24]. At filling factor 2, where
the two ECs have opposite spin polarities, this yields
spinless charge waves and chargeless spin waves propagat-
ing at different velocities. These edge states appear strik-
ingly different from quasiparticles, where both charge and
spin propagate at the same speed. Motivated by the present
experiment, T,,. was recently calculated in the bosoniza-
tion framework [25]. Assuming strong interactions and a
standard drift velocity 105 m/s, calculations are found to
reproduce the measured nonlinear shape of T,,.(8V)) and
also the energy relaxation length scale, without the need to
introduce disorder [25]. However, the same lower bound
TS /32 was confirmed for arbitrary interaction strength
between two 1DCF branches. In [25], the data are repro-
duced quantitatively by assuming ad hoc 25% of the
energy leaks out toward other degrees of freedom.

The main outcome of the data-theory comparisons is
that additional states need to be taken into account.
Experimental observations, in particular, the saturation at
the same hot Fermi distribution for both L = 10 and
30 wm, put stringent constraints on these states. The pre-
dicted internal EC modes mentioned in scenario (iii) seem
plausible candidates. However, additional experiments not
shown here demonstrate that 1DCFs and internal modes
localized in the same outer EC do not exchange energy
[20]. Although this weakens the internal modes hypothesis,
note that energy exchanges with the inner EC’s internal
modes were not dismissed.

One conceptually important question concerns the na-
ture of the pertinent edge excitations. Are these better
described as Fermi quasiparticles localized in an EC or
as delocalized bosonic collective states? The above com-
parison with theories did not permit discrimination.
Nevertheless, the experimental results can be used to test
whether the quasiparticle description is self-consistent.
Indeed, a lower bound for the 1DCF’s lifetime can be
obtained from L;,.;, by using the range of drift velocities
vp € [0.5,5] X 10° m/s measured in similar structures at
v; = 2 [16,26]. Applying the time-energy uncertainty re-
lation, one finds for 6Vp = 36 wV that the energy line-
width of 1DCF states AE > hvp /2Ly € [6, 70] peV is
of the same order or larger than their characteristic energy
kpTke(8Vyp =36 wV) = 10 weV, and therefore are ill-
defined electronic edge excitations. Consequently,

although the 1DCF representation of edge states is very
powerful at short distances, the observed short L;,. chal-
lenges the description of quantum Hall excitations as qua-
siparticles localized in one edge channel.
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