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Counterpropagating (upstream) chiral neutral edge modes, which were predicted to be present in hole-
conjugate states, were observed recently in a variety of fractional quantum Hall states (v = 2/3, v = 3/5,
v = 8/3, and v = 5/2), by measuring the charge noise that resulted after partitioning the neutral mode by
a constriction (denoted, as N — C). Particularly noticeable was the observation of such modes in the
v = 5/2 fractional state—as it sheds light on the non-Abelian nature of the state’s wave function. Yet, the
nature of these unique, upstream, chargeless modes and the microscopic process in which they generate
shot noise, are not understood. Here, we study the ubiquitous » = 2/3 state and report of two main
observations: First, the nature of the neutral modes was tested by “colliding”” two modes, emanating from
two opposing sources, in a narrow constriction. The resultant charge noise was consistent with local
heating of the partitioned quasiparticles. Second, partitioning of a downstream charge mode by a
constriction gave birth to a dual process, namely, the appearance of an upstream neutral mode
(C — N). In other words, splitting “hole conjugated” type quasiparticles will lead to an energy loss

and decoherence, with energy carried away by neutral modes.
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Quantum Hall states are characterized by the chiral flow
along the edges of a two-dimensional electron gas (2DEG)
of one-dimensional-like current modes [1,2]. For some
fractional states (such as hole-conjugate states, e.g., v =
2/3, v = 3/5, etc.), MacDonald and Johnson [3,4] specu-
lated the existence of counterpropagating (“‘upstream’)
charge modes due to ‘“‘edge reconstruction’; however,
such modes were never observed [5]. This motivated
Kane et al. [6,7] to propose formation of upstream neutral
modes, which carry energy without net charge, due to
Coulomb interaction and particle exchange between the
proposed counterpropagating charge modes. The recent
observation of neutral modes by Bid et al. [8], via shot
noise measurements, accomplished by impinging upstream
neutral modes on a partly pinched quantum point contact
(QPC) constriction, opened a new field of study. Here, we
study in some detail the birth of the modes in the ubiqui-
tous v = 2/3 state and the mechanism by which they
generate shot noise in a constriction.

The v = 2/3 mode was verified recently to be made of a
downstream charge mode with conductance 2¢?/3/4 and an
upstream neutral mode carrying only energy [6-8]. When
tunneling between two counterpropagating 2/3 modes takes
place (such as in a narrow constriction), the measured
tunneling quasiparticles were found to be e/3 or 2e/3 [9],
approaching e for a nearly pinched constriction. Moreover,
the simultaneous presence of an excited neutral mode in the
constriction was found to add charge fluctuations and, at the
same time, modify substantially the downstream flowing
partitioned quasiparticle charge [8,10]. However, we have
yet to understand many of these modes’ characteristics, and
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some of them are studied here. What is the role played by
the Ohmic contact in emitting and absorbing these modes?
What is the microscopic mechanism that leads to current
noise in a narrow constriction? [8,10] Since charged quasi-
particles and neutral ones coexist, it is only natural to ask
whether a dual behavior, namely, partitioning charged qua-
siparticles, will excite upstream neutral modes. Moreover,
and most importantly, can the neutral modes be described as
an ordered stream of neutral quasiparticles with clear quan-
tum numbers and statistics (say dipoles, meaning a spinor),
or are they propagating incoherent heat waves?
Measurements were performed on samples fabricated
(see the Supplemental Material for details [11]) on a
GaAs-AlGaAs heterostructure, embedding, some 130 nm
below the surface, a 2DEG with areal carrier density ~9 X
10 cm™2 and low temperature (<1 K) mobility
~10 X 10° cm?/V s—both measured in the dark. A sche-
matic representation of the fabricated structure is shown in
Figs. 1(a), 1(b), 4(a), and 4(b). It is composed of a mesa
300 wm long and 50 pwm wide, with a 10 xm narrow part
covered by a split metallic gate, 100 nm wide and opening
~450 nm. Alloying AuGeNi in the usual manner formed
Ohmic contacts. Because of the relatively short decay length
of the neutral modes (see Ref. [8]), the distance between the
“injecting” Ohmic contacts and the detector (e.g., a QPC)
was kept relatively short (8§ wm). The signal at the voltage
probe was first filtered by an LC circuit, with a resonance
frequency ~850 kHz, amplified by a cooled (to 4.2 K)
homemade preamplifier and a room temperature amplifier
(NF-220F5), to be finally measured by a spectrum analyzer.
Grounded contacts were connected directly to the “cold
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FIG. 1 (color online). Collision measurements—setup and
results. Schematics of the measurements setup is presented in
(a) and (b). Ohmic contacts in green (medium gray), 2DEG in
light gray, and QPC constriction in black. The chiral neutral
(charge) mode in red [medium-dark gray] (blue [dark gray]),
flowing in opposite directions. Distance from N1 and N2 to the
center of QPC opening 8 um. Distance from C1 and C2 to
center of QPC opening 150 pwm. (a) N — C setup. Neutral mode
injected (upstream) from source N1 toward the QPC, where it
generates excess noise Sgngle, Which flows (downstream) towards
voltage probe N2. (b) Collision setup. Neutral mode injected
(upstream) simultaneously from contacts N1 and N2, flowing
toward the QPC, where they generate excess noise S,isions
which is measured in voltage probe N2. (c) and (d) Excess noise
generated when a single neutral mode (red, Sgjyge) Or two (black,
Seollision) Neutral modes reach the QPC, for two different trans-
mission probabilities 7. Sy, does not depend on the injecting
contact (N1 or N2). (e) and (f) Scaling Scouisions
Scollision/Ssingle = 1.6.

finger” of a dilution refrigerator at temperature ~10 mK,
assuring the electron temperature in this range.

We first address the nature of the neutral mode and the
process by which it generates charge noise at the QPC (we
denote this process N — C) [8,10]. A modified experiment
was designed, where rather than having a single upstream
neutral mode impinging at a constriction with a resultant
downstream charge noise S, two neutral modes were
injected simultaneously, from opposite sides of the con-
striction, with a resultant charge noise S.yision [S€€ Sche-
matic in Fig. 1(b)]. If the neutral mode is to be described
by a stream of quasiparticles with clear quantum numbers
and statistics, which fragment into charge particles at the
constriction, the presence of a second neutral mode at the
opposite edge of the constriction will alter this process.
Since the neutral mode is described by a fermionic field
this may lead t0 Sgpneie > Scoliision- On the other hand if the
neutral mode is an incoherent heat wave, and the excess
noise is generated due to the heat carried to the constriction
by the neutral mode, one would expect Scopision = Ssingle-

The experiment proceeded as follows: First, current was
injected from a single contact, and Sgj,g1. for 7,,; (01 Sgipgre

for 1,,,) was measured at N2. Both configurations led to the
same results (within the measurement error). Second, cur-
rents were injected from N; and N, simultaneously, gen-
erating S gnision &t N2. The measurements were repeated
for different transmission probabilities set by the QPC.
Note, that since N2 has two roles, injecting and collecting,
a large resistor (1 G{)) was inserted directly on the N2
contact; avoiding shorting the noise by the stray capaci-
tance of the wire feeding N2.

Our findings, shown in Figs. 1(c) and 1(e), indicate that
for all the values of the transmission probability Sge1e <
Scottision < 2Sgingle; Moreover, simple scaling of the graphs
allow expressing Scqjiision = @Sgingle» With @ = 1.6 £ 0.1
[Figs. 1(d) and 1(f)]. Both spectra, Sgnee and Sconision
exhibited the same dependence on the transmission proba-
bility, #(1 — ), as shown in Fig. 2(a).

The most straightforward explanation for Sgeie (Scoision)
is local heating of the counterpropagating “cold” charge
mode(s) by the neutral mode(s), which results in an elevated
temperature in the constriction [12,13], thus generating
excess charge noise above the Johnson-Nyquist noise
in the absence of neutral mode(s) [14,15]. Since, to the
best of our knowledge, the consequence of a nonuniform
temperature along the sample is not available, we derive a
simplified description of such an unorthodox case. The
derivation follows Landauer’s guidelines [16,17] applied
to the configuration in Fig. 2(b). The Fermi-Dirac distribu-
tions in contacts Cl, C2, and the ground G1, are:
fl (Ml’ Tl)’ fZ(IL‘LZ’ TZ)’ fg(/J’g’ Tg)’ I'CSpCCtiVCly, with M
the electrochemical potential and 7 the temperature. The
current distribution injected from a contact is proportional to
fgg, with g, the Hall conductance, while its variance is
proportional to f(I — f)go. Since the voltage fluctuations
in N2 are with respect to ground G1, it is the sum of the
variances in these contacts. Since the current distribution
arriving at N2 is proportional to Fy, = f1t* f,(1 — 1), and
that leaving G1 is proportional to f,, the measured excess
noise at N2 is given by:

Sy = 220 [0 (Fuall = Fap) + fo(1 = fOME. (1)

This expression can be divided into two contributions:
Scontacts—the noise emanating from reservoirs and trans-
mitted (or reflected) by the constriction as > [or (1 — £)?],
and Sopc—the noise that results in the QPC constriction
due to partitioning.

Scontacts =2gQ jooo[fl(l _fl)tz +f2(l _fZ)(l - t)z
£ (1= f)1dE
Save=2¢0 [ (1= 0LFi(1= )+ fol1 = Fy)BE
()
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FIG. 2 (color online). Collision experiment—results and
model. (a) Dependence of excess noise at injection current
2 nA on transmission probability ¢ of the QPC—one (red
triangles) or two (black squares) upstream neutral mode(s) reach
the QPC. The noise follows the #(1 — 7) trend (represented by a
dashed line), with Scouision/Ssingle = 1.6 for all . Empty/full
shapes represent measurements performed on different samples.
(b) Schematics of the model calculation in the text. The charge
mode propagates from C1 or C2 toward the voltage probe and
partitioned by the QPC. The measured noise signal is made of
the emitted noise from the contacts and the noise generated at the
QPC. (c) Noise generated by partitioning the charge mode.
Without an excited neutral mode (blue [dark gray]), the noise
agrees with the tunneling of 2e/3 quasiparticles at low tempera-
ture. When a constant neutral mode is introduced to the opposite
edge (red [medium gray], I, = 2 nA), it elevates its temperature
to T,, and a reduction in the tunneling quasiparticles charge
(to e/3) is observed. A temperature increase to 7, ~ 50 mK
is estimated from the dependence of the noise near /. = 0.
In contrast, the increase in background noise leads to
T, ~ 250 mK.

In thermal equilibrium, with no voltage applied, 7|, =
T2 = Tg and M1 = Mot

Scontacts = 4kBTgQ(t2 —t+ 1)
Sopc = 4kpTgp t(1 — 1). (3)

With the total noise S = Scoptacts T Sopc measured in N2
is, as expected, Sierma = 4k, Tgo (independent of 7). The
excess noise, induced by increasing the electrochemical
potential of the injected edge is:

o = 2A 1 - th + . 4
Sexcess :“th( t)l:co <2kBT) A/.L ] ( )

When the temperature is not the same in all contacts,
their contribution to the noise is:

Scontacts = 2ngB[Tlt2 + T2(1 - t)z + Tg]’ (5)

however, that of the single constriction (Sgpc) can be
solved only numerically.

We apply now this model to local heating in the con-
striction. According to this model the neutral mode in-
creases the temperature of the current carrying channel.
For simplicity we assume each neutral mode will heat only
one side of the constriction from 7, to T, while all other
contacts (C1, C2) remain at T,, since they are located far
enough (> 100 um) from N1 and N2, and the neutral
mode decays before reaching them. As a result excess
noise is generated only at the QPC. Such energy exchange
may be the reason for the decay of the neutral mode as it
propagates upstream. The numerical solution for 7, > T,
results in a modified Johnson-Nyquist noise,

SQPC—single = 275kanth(1 - t)' (6)

Evidently, when the two sides of the constriction are
heated to 7, in the “collision” type experiment, the
Johnson-Nyquist noise is,

Sqpc-collision = 4kgT,got(1 — 1), (7)

agreeing with the main experimental observations for
N — C as follows: (1) the temperature 7,, grows linearly
with the injected current, in agreement with the Wiedemann-
Franz law (see Ref. [12]), hence also the observed noise
(T, > T,), reaching T,, ~ 250 mK for /,, = 2 nA; (2) ob-
served SQPC-COllision = aSQPC-singlev with a = 1.6 = 01,
while estimated o« = 1.45; and (3) measured noise follows
the predicted #(1 — ) dependence.

While the agreement with measurements is encouraging,
the temperature estimate it provides (7, ~ 250 mK) stands
in contrast with measurements where a charge mode 7,
was injected from C1, and a neutral mode emanated from
N1 (driven by current /,,;); with the two modes arriving at
two opposite edges of the constriction. While the “charge
side” of the constriction is at T, the “neutral side” is at 7.
For a constant /,,;, our model predicts the two contributions
to the excess noise are: an increased thermal noise for all
1., with T — T, /1.45, and shot noise due to the partitioned
1., obeying Eq. (4) with T — T,/1.45. The measured
excess noise at /., =0 and [,,; = 2 nA suggests T, ~
250 mK (as above) while the dependence of the excess
noise on /. (the “rounding” near I-; = 0, [18]) leads to
T, ~ 50 mK accompanied by an unpredicted reduction of
the tunnelling charge in the constriction [see Fig. 2(c)] (see
also Ref. [8]). While the reason for this discrepancy is not
clear, recalling that a similar reduction from 2¢/3 to ¢/3
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takes place with increasing the temperature to ~100 mK
[9] may support the higher temperature estimate.

The interplay between charge and neutral modes raises
the obvious question whether partitioning of a charge mode
results also in energy transfer to an excited upstream
neutral mode (C — N). In principle, in order to perform
this experiment one would need two constrictions; the first
to test the C — N process and the second to detect the
presence of the neutral mode via the N — C process.
However, unexpectedly, and contrary to the previous ex-
periments [8], we found that noise is generated at our
Ohmic contacts (with no net current) when they absorb
an upstream neutral mode at v = 2/3, v = 3/5, v = 5/2,
v =5/3, and v = 8/3 (in different samples) as shown in
Fig. 3. No noise was observed when the same measure-
ments were performed at filling factors which lack
an upstream neutral edge mode (at v =1, v =2, v = 3,
v=1/3,v=2/5v=4/3,v="7/3). This effect may be
related to the unique location of the heat dissipation we
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FIG. 3 (color online). Detection of the neutral mode by an
Ohmic contact. (a) Schematics of the measurement setup.
Injecting current from contact N3, gives birth to a neutral
mode flowing upstream, reaching the voltage probe N2
(25 pm away), where it generates excess noise. (b) Noise at
voltage probe N2 as a function of injected current at N3 for v =
2/3 (black). No noise is observed at ¥ =1 (red). (c) Similar
results at the first excited Landau level, measured on a different
sample. Noise signal is observed at » = 5/2 but not at v = 7/3.

impose at the “front side” of the Ohmic contact. Usually,
a “hot spot” is generated at the “back side’” of a charged
contact [19], when a difference in electrochemical
potentials leads to dissipation with temperature increase.
Here, an upstream neutral mode arrives at the “front side”
of an unbiased contact, and thus heats up the injected
downstream charge mode (from the unbiased contact).
The distribution f(u = 0,T,) changes to f(u =0,T,),
resulting in excess noise 2kgg (T, — T,). For the current
configuration, where the injecting and detecting contacts
are 25 um apart, the measured noise suggests
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FIG. 4 (color online). N — C and C — N processes. (a) and
(b) Schematics of the measurement setup for N — C and
C — N, respectively. In the C— N process, current (blue
[dark gray]) is injected from source C1, flowing downstream
and reaching the QPC, where it is partitioned. The neutral mode
(red [medium gray]), generated at the QPC, flows upstream and
reaches the voltage probe M1 (8 um apart). The distance from
the center of the QPC to C1 is 150 wm. (c) and (d) Noise
measured at the voltage probe as a function of the injected
current for different transmission probabilities ¢ of the QPC.
Noise in the N — C process is presented in (c), and noise in the
C — N process is presented in (d). Data points are connected by
a guide to the eye. (e) and (f) Noise measured at the voltage
probe for different transmission probabilities ¢ for 1 nA injection
current. In the two plots the data follows the #(1 — 1) trend—
given by a dashed line. Empty and full circles represent data
points from different samples.
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T, ~ 40 mK—mnot an unreasonable temperature. It is pres-
ently unclear why this effect was not observed in the
previous samples [8]. As we study this effect, we can
only speculate now that it crucially depends on details in
the interface between the contact and the 2DEG.

An injected downstream current /., was partitioned by a
constriction with a resultant upstream neutral mode, which
was detected at M1 [C — N process, see Fig. 4(b)]. Like in
the N — C process, the noise increased with the source
current with a dependence #(1 — ) [Figs. 4(d) and 4(f)].
Being the ubiquitous dependence of shot noise on ¢ due to
stochastic partitioning, it suggests that the neutral mode is
an outcome of the stochastic tunneling process of charged
quasiparticles in the constriction. The observation of
the C — N process opens up another way to identify the
ground state wave function of the v = 5/2 state—the
current best candidate for a non-Abelian state [20]. It might
be important to note that such excitation of neutral modes
may render the partitioning of charged quasiparticles in-
elastic, leading to incoherent scattering by the constriction,
limiting its use as an elastic beam splitter in finite bias
interference experiments [21,22].

Here, we explore in some depth some of the very basic
properties of the upstream neutral modes in the 2/3 frac-
tional state. We focused mainly on the mechanism of their
detection and the interplay between the charge and neutral
modes in a constriction. Our results suggest that neutral
modes are likely to excite charge modes, in the narrow
constriction, by heating them up. We observed a dual
process, in which, partitioned charged quasiparticles trans-
fer energy to upstream neutral modes. This observation
brings to light an important question: Can partitioned
charged quasiparticles, in a ‘“hole-conjugate” fractional
state, split, and thus partition, elastically, as needed in
interference experiments?

We thank Bernd Rosenow, Ariel Amir, Ady Stern, Yuval
Gefen, Charles Kane, Eytan Grosfeld, and Steve Kivelson,
for helpful discussions. We acknowledge the partial sup-
port of the European Research Council under the European
Community’s Seventh Framework Program (FP7/2007-
2013)/ERC Grant agreement No. 227716, the Israeli
Science Foundation (ISF), the Minerva foundation, the
German Israeli Foundation (GIF), the German Israeli

Project Cooperation (DIP), and the US-Israel Bi-National
Science Foundation (BSF).

[1] S. Das Sarma and A. Pinczuk, Perspectives in Quantum
Hall Effect (Wiley, New York, 1997).

[2] X.G. Wen, Phys. Rev. B 41, 12838 (1990).

[3] A.H. MacDonald, Phys. Rev. Lett. 64, 220 (1990).

[4] M.D. Johnson and A. H. MacDonald, Phys. Rev. Lett. 67,
2060 (1991).

[5] R.C. Ashoori, H.L. Stormer, L. N. Pfeiffer, K. W.
Baldwin, and K. West, Phys. Rev. B 45, 3894 (1992).

[6] C.L. Kane, M.P. A. Fisher, and J. Polchinski, Phys. Rev.
Lett. 72, 4129 (1994).

[7] C.L. Kane and M. P. A. Fisher, Phys. Rev. B 51, 13449
(1995).

[8] A. Bid, N. Ofek, H. Inoue, M. Heiblum, C.L. Kane, V.
Umansky, and D. Mahalu, Nature (London) 466, 585
(2010).

[9] A. Bid, N. Ofek, M. Heiblum, V. Umansky, and D.
Mabhalu, Phys. Rev. Lett. 103, 236802 (2009).

[10] M. Dolev, Y. Gross, R. Sabo, I. Gurman, M. Heiblum, V.
Umansky, and D. Mahalu, Phys. Rev. Lett. 107, 036805
(2011).

[11] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.108.226801 for mate-
rial and fabrication supplementary information.

[12] S. Takei and B. Rosenow, Phys. Rev. B 84, 235316 (2011).

[13] E. Grosfeld and S. Das, Phys. Rev. Lett. 102, 106403
(2009).

[14] J. Johnson, Phys. Rev. 32, 97 (1928).

[15] H. Nyquist, Phys. Rev. 32, 110 (1928).

[16] R. Landauer, Physica (Amsterdam) 38D, 226 (1989).

[17] R. Landauer and T. Martin, Physica (Amsterdam) 175B,
167 (1991).

[18] M. Reznikov, R. de Picciottoa, M. Heibluma, D.C.
Glattlib, A. Kumarb, and L. Saminadayar, Superlattices
Microstruct. 23, 901 (1998).

[19] U. Klass, W. Dietsche, K. von Klitzing, and K. Ploog, Z.
Phys. B 82, 351 (1991).

[20] D.E. Feldman and F. Li, Phys. Rev. B 78, 161304 (2008).

[21] A. Stern and I. Halperin, Phys. Rev. Lett. 96, 016802
(2000).

[22] P. Bonderson, K. Shtengel, and J. K. Slingerland, Phys.
Rev. Lett. 97, 016401 (2006).

226801-5


http://dx.doi.org/10.1103/PhysRevB.41.12838
http://dx.doi.org/10.1103/PhysRevLett.64.220
http://dx.doi.org/10.1103/PhysRevLett.67.2060
http://dx.doi.org/10.1103/PhysRevLett.67.2060
http://dx.doi.org/10.1103/PhysRevB.45.3894
http://dx.doi.org/10.1103/PhysRevLett.72.4129
http://dx.doi.org/10.1103/PhysRevLett.72.4129
http://dx.doi.org/10.1103/PhysRevB.51.13449
http://dx.doi.org/10.1103/PhysRevB.51.13449
http://dx.doi.org/10.1038/nature09277
http://dx.doi.org/10.1038/nature09277
http://dx.doi.org/10.1103/PhysRevLett.103.236802
http://dx.doi.org/10.1103/PhysRevLett.107.036805
http://dx.doi.org/10.1103/PhysRevLett.107.036805
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.226801
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.226801
http://dx.doi.org/10.1103/PhysRevB.84.235316
http://dx.doi.org/10.1103/PhysRevLett.102.106403
http://dx.doi.org/10.1103/PhysRevLett.102.106403
http://dx.doi.org/10.1103/PhysRev.32.97
http://dx.doi.org/10.1103/PhysRev.32.110
http://dx.doi.org/10.1016/0167-2789(89)90197-8
http://dx.doi.org/10.1016/0921-4526(91)90710-V
http://dx.doi.org/10.1016/0921-4526(91)90710-V
http://dx.doi.org/10.1006/spmi.1997.0559
http://dx.doi.org/10.1006/spmi.1997.0559
http://dx.doi.org/10.1007/BF01357178
http://dx.doi.org/10.1007/BF01357178
http://dx.doi.org/10.1103/PhysRevB.78.161304
http://dx.doi.org/10.1103/PhysRevLett.96.016802
http://dx.doi.org/10.1103/PhysRevLett.96.016802
http://dx.doi.org/10.1103/PhysRevLett.97.016401
http://dx.doi.org/10.1103/PhysRevLett.97.016401

