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We use the edge of the quantum Hall sample to study the possibility for counterpropagating neutral
collective excitations. A novel sample design allows us to independently investigate charge and energy
transport along the edge. We experimentally observe an upstream energy transfer with respect to the
electron drift for the filling factors 1 and 1/3. Our analysis indicates that a neutral collective mode at the
interaction-reconstructed edge is a proper candidate for the experimentally observed effect.
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Since the physics of the quantum Hall (QH) effect is
extensively investigated now, the QH regime can be con-
veniently used to model complicated phenomena from
different areas of modern physics. Particularly, gapless
collective excitations are of special interest in graphene
physics, topological insulators, and quantum computation.
In the QH regime the universal low-energy physics is
connected only with edge collective modes [1]. It was
proposed [2] that at some fractional filling factors the
interaction can lead to an unusual neutral collective
mode, which propagates upstream with respect to the
electron drift and carries only energy.

Neutral modes have not been observed in a direct heat-
transport experiment [3]; however, they were detected in
shot-noise measurements [4]. This discrepancy might
originate from different experimental methods, so an inde-
pendent investigation in a different experimental configu-
ration is of great interest.

Here, we use the reconstructed edge of the quantum Hall
sample to study the possibility of counterpropagating neu-
tral collective excitations. The edge reconstruction is pre-
dicted [5] to result from the interplay between the smooth
edge potential and the Coulomb interaction energy.
Experimental arguments for the reconstruction of this
type can be found in the capacitance measurements at the
edges of the v = 1, 1/3 plateau, where a so-called negative
compressibility was experimentally observed [6]. A novel
sample design allows us to independently investigate
charge and energy transport along the edge. We experi-
mentally observe an upstream energy transfer with respect
to the electron drift for the filling factors 1 and 1/3. Our
analysis indicates that a neutral collective mode at the
interaction-reconstructed edge is a proper candidate for
the experimentally observed effect.

Our samples are fabricated from a molecular beam
epitaxially grown GaAs/AlGaAs heterostructure. It con-
tains a two-dimensional electron gas (2DEG) located
200 nm below the surface. The 2DEG mobility at 4 K is
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5.5 X 10° cm?/V's, and the carrier density is 1.43 X
10" cm™2,

A novel sample design realizes the theoretically pro-
posed scheme with an independent injector and detector
[7]; see Fig. 1 (top). Each sample has two macroscopic
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FIG. 1 (color online). Schematic diagram of the sample (not to
scale). ESs appear at the edges of etched regions (white) and also
at the border between the gate (yellow) and the uncovered 2DEG
(light green). Ohmic contacts are denoted by bars with numbers.
(a)—(d) Experimental configurations for two injector positions
and two field directions. Thin arrows indicate the electron drift
along ESs. The thick arrow denotes the current in the injector
junction. Dotted ones are for the equilibrium (forward and
backward) transitions in the detector gate gap.
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(~0.5 X 0.5 mm?) etched regions inside, separated by a
distance of 300 uwm. A split gate partially encircles the
etched areas, leaving uncovered two L = 5 pum wide gate-
gap regions, separated by 30 wm, at the outer mesa edge.
Ohmic contacts are placed along the mesa edges.

In samples with a smooth edge profile, edge states (ESs)
[8] are represented by compressible strips of finite width
[9], located at the intersections of the Fermi level and filled
Landau levels. Every ES is characterized by a definite
electrochemical potential, which is constant along the ES
except for the regions of charge exchange [8,9]. For a bulk
filling factor v = 2, there are two copropagating ESs in
each gate-gap region, separated by the incompressible strip
with local filling factor v. = 1. We deplete the 2DEG
under the gate to the same filling factor g = 1 so that the
v. = 1 incompressible state fully separates the outer and
the two inner edges. They are connected only by inter-ES
transport in the gate-gap junctions. The maximum junction
resistance does not exceed R ~ (h/ez)leq/L ~ 3 MQ,
where leq/L ~ 100 is the ratio between the maximum
charge equilibration length [10] /., and the gate-gap
width L. Because of finite R, one can expect iy = Min
for the electrochemical potentials of two ESs in the
equilibrium.

In the present experiment, we enforce inter-ES transport
in one gate-gap junction (injector), by applying a dc cur-
rent between the outer contact, labeled as 3, and one of the
inner contacts (the ground); see Fig. 1. It causes energy
dissipation in the injector in the form of plasmons, non-
equilibrium electrons, or phonons. The other gate-gap
junction serves as a detector: The energy can be absorbed
here by stimulating inter-ES transitions, which would dis-
turb the equilibrium w;, = ., in the detector junction.
We monitor the ES potentials by high-impedance electro-
meters connected to the Ohmic contacts in Fig. 1.

In our setup with copropagating ESs, the normal mag-
netic field B defines the propagation direction for the
charged transport along the outer mesa edge. There are
four possible experimental configurations, depicted in
Figs. 1(a)-1(d), which are labeled by the magnetic field
sign (B> 0 or B <0) and by the position (right or left)
of the injector gate-gap junction.

The measurements are performed at a temperature of
30 mK. The obtained results for energy transport are
independent of the cooling cycle, despite the fact that
the carrier density differs slightly in different coolings.
Standard two-point magnetoresistance is employed to de-
termine the carrier density and to verify the contact quality.
Magnetocapacitance measurements are used to find the
available filling factors g under the gate.

The potentials of different Ohmic contacts are shown in
Fig. 2 for integer filling factors v = 2, g = 1 for all ex-
perimental configurations depicted in Fig. 1. The curves
are obtained in a stationary regime, i.e., very slowly (about
3 h per curve) to complete all the relaxation processes [11].

In the detector gate-gap junction, we indeed observe the
equilibrium ES electrochemical potential distribution
Mout = Min for two experimental configurations; see
Figs. 2(b) and 2(c). The most surprising experimental
finding is the fact that in two other cases there is a nonzero
difference eA = (o — Min); see Figs. 2(a) and 2(b). It
occurs if the detector is situated upstream of the injector;
cf. Figs. 1(a) and 1(b). The effect is present for both signs
of the applied current.

In our setup, we not only know the direction of the
electron drift in Fig. 1 but can also obtain it from the
experimental curves [11]. If the contact within the injector
is situated so that electrons reach it before the ground, its
potential reflects the charge transfer across ESs within the
injector [11]. Since we apply a current through the injector
junction, we do find this potential to be linear and inde-
pendent on the experimental configuration in a full current
range; see Fig. 2 (blue dots). In contrast, the potentials of
the outer contacts demonstrate a clear nonlinear behavior
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FIG. 2 (color online). Potentials V; of different Ohmic contacts
(eV; = u;) vs injector current for the experimental configura-
tions depicted in Fig. 1. Blue solid line: Potential ., of the
outer ES in the detector, which is also expected for the inner one
in the equilibrium w@y, = p;,- Red dashed line: Measured po-
tential of the inner ES w;, in the detector. A denotes the
difference eA = poy — iin- Blue dotted line: The potential of
the inner contact within the injector. Positive B = +3.72 T and
negative B = —3.51 T fields differ in value because of different
coolings. Filling factors are » =2 and g = 1.
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(see Fig. 2), because they are sensitive to the transport
regime within the injector (see [11] and the discussion
below). Charge conservation for the injector junction
demands an evident relation between electrochemical po-
tentials [11], e.g., up, = w1 — 2ug for the (B > 0, right)
configuration or w; = w, — 27 for the (B < 0, right) one
for v =2, g = 1. Since the proper relation is indeed
fulfilled for any experimental configuration, we are sure
about the current distribution in the sample: The transport
current flows only across the injector junction, while elec-
trons drift from contact 1 to contact 2 for the field which we
denote as positive B > 0.

Similar results as those in Fig. 2 are obtained for other
bulk fillings with . = 1, suchas v =3, g =1 and v =
4/3, g = 1. Furthermore, we observe the same effect also
for transport across fractional v, = 1/3. Figure 3 demon-
strates finite A for the same two experimental configura-
tions for ». = 1/3. The curves are linear even around zero
bias, because of the smaller equilibration length [11].

We can be sure that the detector is connected only with
the injector through the edge. Zero A in Figs. 2(b) and 2(c)
excludes a parasitic connection through the bulk, which
would produce positive A of the same order for all four
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FIG. 3 (color online). Potentials V; of different Ohmic contacts
(eV; = ;) vs injector current in the fractional QH regime.
The configurations are the same as in Fig. 2, and the filling
factors are » = 2/3 and g = 1/3. Positive B = +11.15 T and
negative B = —10.53 T fields differ in value because of different
coolings.

experimental configurations. A similar effect would be
produced by a parasitic ground within the detector region
[12]. Figure 3 also confirms the observed effect for an order
of magnitude smaller detector resistance R = 6(h/e?).

Since there is no parasitic connection between the in-
jector and the detector, a finite A in a stationary regime
implies that the equilibrium is dynamic within the detector
junction [13]. The “forward” inter-ES transitions, which
tend to equilibrate ESs, should be compensated by counter
“backward’’ ones. The necessary for v, = 1 electron spin
flip is easily provided by spin-orbit coupling [10] or by the
flip-flop process [11], but the energy for backward transi-
tions can only be transferred from the injector. Thus,
Figs. 2 and 3 demonstrate an energy transfer at the edge,
which propagates counter to the electron drift.

This upstream energy transfer can be provided only by
neutral excitations such as nonequilibrium phonons or
neutral collective modes. To distinguish between these
two, we start from the transport regimes [11] across the
injector gate-gap junction for integer v.. (i) Low imbal-
ance: Here, the ES electrochemical potential imbalance is
much smaller than the energy gap in the v, = 1 incom-
pressible strip; see Fig. 4(a). This regime corresponds to a
high-resistance R ~ (h/ ez)leq/L observed for small u,
and w, in Fig. 2. Two gate-gap junctions have different
resistances because of their different real widths L.
(i1) High imbalance: When the electrochemical potential
difference reaches the spectral gap [Fig. 4(b)], electrons
can overflow the initial potential barrier [see Fig. 4(c)], so
the junction resistance is diminished. Some electrons are
transferred elastically with farther relaxation outside the
gate-gap junction, while others lose their energy within the
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FIG. 4. Schematic diagrams of the energy levels in the gate-
gap junction at integer filling factors » = 2 and g = 1. Pinning
of the Landau sublevels (solid line) to the Fermi level (short-
dashed line) is shown in the compressible regions at electro-
chemical potentials ., and w;,. Filled (half-filled) circles
represent the fully (partially) occupied electron states. Open
circles are for the empty ones. Arrows indicate electron tran-
sitions at high imbalance. (a) Low imbalances eV = oy, — tin
across the incompressible strip. (b) eV reaches the spectral gap
within . = 1. (c) Evolution of higher imbalance along the gate-
gap edge: Applied in the corner of the injector gate gap in Fig. 1,
it drops within 2-3 um [11].
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FIG. 5 (color online). (a) Potential V| = ,ulff‘ /e in comparison

with Atght for B>0, » =2, and g = 1. (b) Calculated a =
Loaer/ Ligjecior (see the text) as a function of [y for different
filling factors, B > 0.

junction. This regime corresponds to the linear behavior of
1 and w, in Fig. 2 at high currents.

To describe the efficiency for energy transfer, we define
the ratio a = I,/ Ligjecior between the backward current
in the detector and the forward current in the injector. /Iy,
can be obtained from the measured A by using the non-
linear resistance of the detector gate-gap junction. This
resistance is determined solely by the ES structure and
the gate-gap width, so it can be obtained from the ES
imbalance in the injector in a symmetric configuration.
We therefore determine « as depicted in Fig. 5(a). It is
worth mentioning that both curves in Fig. 5(a) change their
slopes at the same voltage, in contrast to, e.g., Fig. 2(a).
This is an additional argument that A originates from the
nonlinear resistance of the detector junction.

A value of a =1 at low imbalances indicates a low
dissipation of energy between the injector and the detector.
If the transfer mechanism is the same, at high imbalances «
should reflect a part of nonelastic inter-ES transitions in the
injector, which is confirmed by the data in Fig. 5(b).
The data coincide for the filling factors v = 3, g = 1 and
v =2, g = 1 since the involved ESs are separated by the
same v, = 1. Much higher « for v = 4/3, g = 1 reflects
the fact that efficient elastic transitions are not reachable
for the bulk v = 4/3 [14]. For v, = 1/3 (at v = 2/3 and
3/5), a is practically independent of the injector current
but differs in value possibly because of the different struc-
ture of the bulk ground state. In this regime, the linearity of
the curves in Fig. 3 confirms [11] the presence of the gap at
v, = 1/3 and therefore nonelastic transitions in the
injector.

Itis very unlikely that all phonons emitted in the injector
at low imbalances would be absorbed in the detector,
resulting in &« = 1. In contrast, collective modes are prop-
agating along the edge, they are characterized by low
dissipation, and their dispersion allows them to transfer
an appropriate energy [1,2,7]. In our setup it is a dipole

(neutral) collective excitation which is created by an intra-
edge electron transition across the v, = g incompressible
strip; see Fig. 4(c). The neutral mode can propagate up-
stream along the low-density edge of the v, =1,1/3
incompressible strip if the density profile is reconstructed
at the edge [5].

In summary, we experimentally observe an upstream
energy transfer with respect to the electron drift for the
filling factors 1 and 1/3, which seems to be provided by the
neutral collective mode at the reconstructed sample edge
[5]. The excitation of this mode is especially efficient in the
overflowing process depicted in Fig. 4(c), so the regime of
high imbalance opens a direct access to the neutral mode.
This is the key difference of the present experiment from
Ref. [3], where a weak electron tunneling to the QH edge
should mostly excite a fundamental (charged) mode.
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