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Shot noise does not always provide the 
quasiparticle charge

Sourav Biswas    1, Rajarshi Bhattacharyya1,4, Hemanta Kumar Kundu    1, 
Ankur Das    2, Moty Heiblum    1  , Vladimir Umansky1, Moshe Goldstein    3 
and Yuval Gefen2

The fractional charge of quasiparticles is a fundamental feature of quantum 
Hall effect states. The charge—important in characterizing the state and 
in interference experiments—has long been measured via shot noise at 
moderate temperatures, with the Fano factor revealing the charge of 
the quasiparticles. However, at sufficiently low temperatures of ~10 mK, 
we previously found that the Fano factor is instead equal to the bulk 
filling factor. Noise with this pattern was also observed on intermediate 
conductance plateaux in the transmission of the quantum point contact, 
where shot noise is not expected. Here, we extend this low-temperature 
behaviour of the Fano factor to a situation where the edge modes do not 
sit at the physical edge of the device but instead reside in an artificially 
constructed interface at the boundary between two adjoining quantum 
Hall effect states: the tested state and a different state. We attribute 
the unexpected shot noise behaviour to upstream neutral modes that 
proliferate at the lowest spinless Landau level. We present a theoretical 
approach based on an interplay between charge and neutral modes that 
hints at the origin of the universal Fano factor.

One of the key fundamental measurements in mesoscopic quantum 
transport is determination of the quasiparticle charge1. Quantum shot 
noise has been the most reliable means for revealing this charge. By 
employing this approach, quasiparticle charge has been measured in 
quantum Hall systems2, Josephson junctions3 and superconductors4,5. 
Shot noise measurements are yet to be performed in emerging exotic 
states such as the anomalous quantum Hall effect6 and in fractional 
Chern insulators7 in two-dimensional (2D) topological systems8.

The quantum Hall effect (QHE) is the oldest known topologi-
cal quantum system9,10. The most natural description of its gapped  
bulk is understood via the so-called Landau levels (LLs), which 
host localized quasiparticles, with different topological phases 
described by the filling factor (v). Although the bulk is insulating, the 
low-energy dynamics is governed by gapless chiral edge modes11–14, 

which carry current and energy. ‘Bulk–edge’ correspondence dic-
tates that both the Hall conductance σxy and the thermal Hall con-
ductance Kxy are determined by the topological order of the bulk15. 
The quasiparticle charge, e*, being the most fundamental quantity 
of a fractional state, is crucial in determining quasiparticle statistics 
(in interference experiments)16.

According to the orthodox paradigm, weak partitioning of edge 
modes, done in a quantum point contact (QPC) constriction, leads to 
shot noise with a Fano factor F = e*/e (F = 1 for integers)17–19. Moreover, 
shot noise (at zero temperature) should be zero on an intermediate 
conductance plateau of the QPC, as modes are either fully transmitted 
or fully reflected; that is, there is no intra-mode partitioning. Indeed, 
early on, experimental results performed at moderate temperatures 
of T > 30 mK adhered to this expectation20–23.
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It only assumes complete decay of the excited neutral modes in the 
course of equilibration. The number of those (equal to the number of 
stochastically generated quasiparticle/quasihole pairs) is defined by 
the filling of the bulk away from the QPC.

The platform
To further reaffirm the universality of the Fano factor, we exploit a 
fabrication method that allows us to interface a tested state with bulk 
filling vb with an adjacent (gate-controlled) state vg. The resultant inter-
face mode, with an effective filling vb − vg, is partitioned by a QPC with 
its own shot noise, where bulk–edge correspondence is not valid. This 
shot noise is compared with the ubiquitous shot noise of partitioned 
edge modes.

Our playground is a standard molecular-beam-epitaxy-grown 
GaAs–AlGaAs heterostructure harbouring high-mobility 
two-dimensional electron gas, located 86 nm below the surface, with 
an electron density of 1.7 × 1011 cm−2. Electrical measurements were 
carried out at the electron base temperature of 12–14 mK.

The deployed platform is shown in Fig. 1a. A gate-defined Hall bar 
with filling vg (green) is embedded in the bulk of a mesa with filling vb 
(light blue). If vg < vb, an equilibrium interface mode circulates the Hall 
bar with an effective filling of vint = vb − vg and conductance G = νint

e2

h
, 

measured between ohmic contacts (yellow) placed at the formed 
interface. In the example of Fig. 1a, with vint = 2 − 1 = 1, only the inner 
integer mode participates in transport.

Figure 1b shows the Hall resistance Rxy of the gated region as a 
function of the gate voltage Vg, with vb = 2. As Vg → 0 V, Rxy → ∞ (the inter-
face vanishes). For Vg < −0.35 V, the gated region is fully depleted and 
Rxy =

h
2e2

. Five conductance plateaux in units of e2
h

 are observed 

( 1
3
, 2
3
, 1, 4

3
, 5
3
, 2), assuring charge equilibration37 at the interface.

Noise measurements
Shot noise was measured by partitioning the interface modes (Fig. 2a). 
The QPC constriction was formed by the lower and upper gated regions. 
The spectral density of the charge fluctuations was filtered by an LC 
resonant circuit with centre frequency of 937 kHz and bandwidth of 
30 kHz. A high-electron-mobility transistor-based preamplifier cooled 
to 4 K (with voltage noise on the order of 300 pV Hz−1/2 and current 
noise on the order of 10 fA Hz−1/2) was cascaded by a room-temperature 
amplifier (with voltage noise on the order of 0.5 nV Hz−1/2), feeding a 
spectrum analyser.

The general expression for the low-frequency spectral density of 

the shot noise is Si(0) = 2FeIdct(1 − t){coth ( FeV
2kBT

) − 2kBT
FeV

},  where t 

is the transmission of the QPC, Idc = VDSG is the impinging current, 

However, in more recent shot noise measurements, performed at 
T ≈ 10 mK, we found24–26 (1) non-zero noise on intermediate conduct-
ance plateaux with the partitioning QPC and (2) that the Fano factor is 
equal to the filling factor in the bulk (away from the QPC), on and off the 
intermediate conductance plateaux within a QPC. These observations 
necessitate further investigation and a new understanding beyond the 
orthodox paradigm.

In this Article, to demonstrate the universality of the Fano factor, 
we employ a method in which two different states are interfaced, giving 
birth to 1D interface modes at the boundary between the two adjoined 
states. These modes do not obey ‘bulk–edge’ correspondence, having a 
different effective filling (conductance) than the bulk and QPC fillings.

It has already been demonstrated that upstream (US) neutral 
edge modes proliferate in many QHE states in the lowest LL26–28. These 
modes can be topological (determined by the bulk) or emergent due 
to spontaneous edge reconstruction28,29. Here, we show that neutral 
modes play a crucial role in generating (partitioned) shot noise. The 
new paradigm of shot noise generation consists of a two-step process: 
inter-mode charge equilibration (between ‘hot’ and ‘cold’ modes), 
accompanied by excitation of neutral quasiparticles and subsequent 
annihilation of these ‘neutralons’. This process leads to stochastic 
generation of quasiparticle/quasihole pairs, resulting in shot noise. 
We show that the latter is characterized by a Fano factor that is equal 
to the bulk filling factor. Notably, the Fano factor does not depend on 
the edge-mode structure (and its conductance) and not on the local 
filling within the QPC constriction (if not too small).

Past results and our measurement platform
Past results
Early shot noise measurements, performed at v = 1/3 and v = 2/5 particle 
states at moderate temperatures (T > 25 mK), led to F ≅ 1/3 and F ≅ 1/5, 
respectively20,22. However, later measurements with v = 2/5 and v = 3/7, 
performed at lower temperatures (T < 15 mK), approached F ≅ vb (ref. 24).  
Increasing the temperature led to F ≅ 1/5 and F ≅ 1/7, respectively. Simi-
larly, low-temperature measurements in particle–hole conjugated 
states, v = 2/3, v = 3/5 and v = 4/7, measured on and off the QPC inter-
mediate plateaux, resulted in F ≅ vb (refs. 25,26). At v = 2/3, with increased 
temperature, F ≅ 1/3 with e* = e/3 quasiparticle charge was obtained25. 
Observation of noise on an intermediate conductance plateau thus 
necessitates overhauling the existing paradigm of shot noise.

Consider first the example of v = 1/3 bulk filling. The conventional 
picture of the edge structure comprises one downstream (DS) charged 
mode. However, edge reconstruction30, taking place when the edge 
confining potential is not steep, may lead to pairs of additional v = 1/m 
counter-propagating modes (where m is an odd integer). This is simi-
lar to the reconstruction of the v = 2/3 and the v = 1 edge with m = 3  
(refs. 25,26,31–34). Accounting for an interplay of inter-mode Coulomb 
interactions and disorder-induced tunnelling, a new fixed point that 
features neutral mode(s) settles in29,35: two DS charged modes and 
one US neutral mode, keeping Kxy unchanged. In a similar way, with 
edge reconstruction, v = 2/5 constitutes three DS charged modes 
and one US neutral mode. The unreconstructed edge will support 
two conventional DS charged modes, an inner v = 1/15 and an outer 
v = 1/3. Our paradigm for the reconstructed shot noise relies on 
excited US neutral modes due to charge equilibration between the 
hot charge modes that emanate from the biased source and the cold 
charge modes emanating from the grounded contact33,34,36. Moving 
upstream, the neutral modes decay, generating randomized charged 
quasiparticle/quasihole pairs on different charge modes. Each of the 
pairs splits, with the quasiparticles (quasiholes) arriving at drain D1 
(where the noise is measured; Fig. 2a) and the quasiholes (quasipar-
ticles) at drain D2. This adds a stochastic component to the current 
measured in D1.

The mechanism described here (details are provided in the fol-
lowing) goes beyond the partitioned beam paradigm for shot noise. 
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Fig. 1 | Interface edge modes. a, Schematic of the platform with top gated bulk 
with filling vg = 1 state (green). The ungated surrounding region is at vb = 2 (blue). 
Counter-propagating interface edge modes are equilibrated with an effective 
filling of vint = vb − vg. Source contact S and drain contact D (yellow) are located at 
the interface. The x and y contacts are used to measure the four-probe Hall 
conductance, σxy = νint

e2

h
 of the interface edge. b, Interface Hall resistance for 

vb = 2 as a function of the centre gate voltage (filling factor of the centre bulk), 
showing the integer and fractional plateaux of the interface modes.
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and kB is the Boltzmann constant25,38–41. The gain is calibrated by 
measuring the shot noise at weak backscattering of the outer edge 
mode in the 2 − 0 configuration, with an expected F = 1. The detailed 
procedure for the analysis is described in Supplementary Section I.

Results
We generalize the ubiquitous noise measurements by presenting the 
key results for the partitioning interface modes. We control the lower 
(upper) interface mode with an effective filling of νlint (ν

u
int) (Fig. 2a), 

with bulk filling vb. We test (1) different (incoming) modes’ fillings at  

a fixed bulk filling and (2) a fixed incoming mode filling at different  
bulk fillings.

Fixed νb = 1
The conductance showing fractional modes at the lower interface is 
plotted as a function of the lower gate voltage, Vlg, in Fig. 2b. An exam-
ple of tuning the QPC transmission with Vug when the lower gated region 
is depleted and νlint = 1 is shown in Fig. 2c. The desired upper mode νuint 
is set by a Vug that also sets a transmission t for the incoming mode νlint. 
The observed results for the Fano factor with different modes’ filling 
are summarized in Table 1. In all cases, F ≅ 1. Note that uncertainty in 
the exact electron temperature and the slight nonlinearity of the trans-
mission lead to the deviations from F = 1.

Fixed νlint = 2/3
Two types of ‘electron–hole conjugated’ interfaced mode, 
νlint = 1b − 1/3g = 2/3int and 2/3b − 0g = 2/3int are tested. Edge reconstruc-
tion leads to two DS co-propagating 1/3 modes joined by two US neutral 
modes (Supplementary Section II)29,34. An intermediate conductance 
plateau is observed within the QPC at t = 0.5 (Extended Data Fig. 2). 
The fully transmitted outer 1/3 mode and the fully reflected inner 1/3 
mode do not lead to shot noise. However, the observed noise on the 
t = 0.5 plateau, resulting from fractionalization of the neutral modes, 
leads to a Fano factor that is equal to the bulk filling factor (Table 2).

The Fano factor remains close to the bulk filling for a wide range 
of QPC transmissions, that is, away from the conductance plateau 
(Fig. 3b). When the QPC is strongly pinched, quasiparticle bunching42 
leads to F ≅ 1 at a lower bias in all cases (Extended Data Fig. 3). Extended 
Data Fig. 4 presents more data for interface fractional edge modes 
2/3b − 1/3g = 1/3int and 2/3b − 4/15g = 2/5int, with F ≅ vb, and Supplementary 
Section III provides additional measured data.
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Fig. 2 | Experimental set-up for shot noise measurement with interface 
modes. a, False-colour scanning electron microscopy image of the QPC 
geometry formed by two peninsulas of two separate gates. Inset: enlarged image 
of the QPC. The ohmic contacts (yellow) were made by alloying Au/Ge/Ni, and the 
gates (green) were formed by evaporating a thin PdAu/Au film on top of a 25-nm 
layer of atomic-layer-deposited HfO2. Metallic air bridges (dark blue) are 
connected to the gates to apply gate voltage. Source contact S1 (connected to the 
d.c. bias) and drain contact D1 (connected to the amplifier) are located at the 
lower gate interface. A d.c. voltage Vlg sets the filling factor underneath, and 
thereby the incoming interface mode. The gate voltage Vug on the upper gate tunes 
the QPC backscattering but does not guarantee the filling underneath to be the 
same as in the lower gate. Hot (biased) and cold (grounded) edge modes are 
shown in red and light-blue lines, respectively. The source–QPC distance is 
~50 µm, and charge equilibration at the interface is established within a few 
micrometres. b, Four-terminal conductance measurements as a function of Vlg, 
showing the formation of fractional edge modes around the lower gate at vb = 1.  
c, QPC transmission t as a function of Vug, with Vlg fixed such that νlg = 0; that is,  
the incoming edge mode is 1 − 0. The red arrow indicates t for the shot noise  
when νlg = 2/3; that is, the upper mode is 1 − 2/3. d, Measured Fano factors  
for 1b − 0g = 1int and 1b − 2/3g = 1/3int interface modes. The top panel shows 
bias-dependent QPC transmission, where t ≈ 0.82 for 1int (blue) and t ≈ 0.88 for 
1/3int (red). The bottom panel shows the measured spectral density Si of DS 
current fluctuation with VDS (that is, Idc × Rxy), shown as symbols. The black solid 
line is the fit. For both 1b − 0g = 1int (blue) and 1b − 2/3g = 1/3int (red), the Fano factor 
is F ≅ 1. Estimated Fano factors have an accuracy of within ±0.05. The obtained 
electron temperature is 15 mK.

Table 1 | Measured Fano factors for different configurations 
when νb=1

Mode 
configuration

Bulk vb Lower mode 
νlint = νb − νlg

Upper mode 
νuint = νb − νug

Transmission (t) 
and Fano factor 
(F)

Integer modes 1 1 1 t ≈ 0.60, F = 0.93
(Extended Data 
Fig. 1a)

Integer and 
fractional

1 1 1/3 t ≈ 0.80, F = 0.93
(Fig. 2d, blue 
plots)

Fractional 
modes 
symmetric

1 1/3 1/3 t ≈ 0.88, F = 0.97
(Fig. 2d, red 
plots)

Fractional 
modes 
asymmetric

1 1/3 2/5 t ≈ 0.91, F = 1.0
(Extended Data 
Fig. 1b)

Asymmetric 1 1/3 Not 
quantized

t ≈ 0.90, F = 1.0
(Extended Data 
Fig. 1b)

Table 2 | Measured Fano factors for different configurations 
when νl

int=2/3

Bulk 
configuration

Bulk vb Lower mode 
νlint = νb − νlg

Upper mode 
νuint = νb − νug

Transmission (t) 
and Fano factor (F)

Integer bulk 1 2/3 1/3 t ≈ 0.50, F = 1.0
(Fig. 3a, red plots)

Fractional bulk 2/3 2/3 1/3 t ≈ 0.50, F = 0.64
(Fig. 3a, blue plots)
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Theoretical model and discussion
Our theoretical paradigm relies on the ubiquitous presence of 
counter-propagating neutral modes in the lowest spinless LL, being 
topological (for particle–hole conjugated states) or born due to 
spontaneous edge reconstruction (for integer and particle-like sta
tes)26,28,30,33 when the confining potential at the physical edge is not 
perfectly sharp43,44.

We chose to consider here the simplest example of a reconstructed 
v = 1/3 bulk filling28 in the orthodox QPC geometry, as this treatment 
captures the main physics of the universality of quantum shot noise. In 
a general case, we assume the formation of a single 1/m fractional strip 
at the edge of the 2D bulk, with two counter-propagating 1/m modes 
(Fig. 4a,b). Accounting for inter-mode interaction and tunnelling, the 
modes’ structure, shown in Fig. 4b, renormalizes into two DS modes 
with charge (1/3 − 1/m)e and e/m (from the inner to the outer) and a US 
neutral mode (Fig. 4c)29,35. In Fig. 4d, we plot the DS hot charge modes 
that emanate from the biased source S1 (solid lines), while the DS cold 
modes emanate from the grounded S2 (broken lines). Source S1 injects 
N quasiparticles into each mode in a time interval τ (total current from 
source Idc = Ne/3τ). With the QPC tuned to partition a fraction f of the 
outermost 1/m charge mode, its total transmission is t = 3(1 − f)/m.

On the way to D1 and D2, the hot and cold modes equilibrate to the 
same chemical potential. The equilibration process keeps the currents 
arriving at the respective drains unchanged. Following this equilibra-
tion, the number of quasiparticles in each mode is N1 = (1 − f)3N/m 
near D1 and N2 = [m − 3(1 − f)]N/m near D2 (Fig. 4d). This equilibration 
process releases energy, and, to conserve the appropriate quantum 
numbers15,35,45, they lead to the creation of neutralon excitations (qua-
siparticles of the neutral modes characterized by non-trivial statistics). 
The latter are transported upstream from the vicinity of D2 and D1 in 
the direction of the QPC (and the sources). Along their trajectories, 
they fully decay into stochastic particle–hole pairs in the adjacent 
charge modes (as random pulses, equally probable particles and 
holes)33. The excitations in these modes near S1 and near S2 are sche-
matically shown in Fig. 4e. Considering a fraction f of tunnelling events 
between the inner modes, the total charge reaching D1 is QD1 (Fig. 4e 

and Supplementary Section IV), with average QD1 =
(1−f)Ne

m
. The 

charge fluctuations, given by the autocorrelation of QD1 measured 

over time τ at D1, are given by (1−f)(m−3)Ne
2

3m2 . Together with the orthodox 

beam-partitioning contribution38,41 of 
f(1−f)Ne2

m2 , the resulting total  
irreducible zero-frequency current–current autocorrelation at D1 is 

≪ ID1ID1 ≫ω=0 =
2(1−f)(m+3f−3)Ne2

3m2τ
. Expressing f in terms of t, the effective 

Fano factor is then given by F = ≪ID1ID1≫ω=0
2Idc×e×t(1−t)

= 1
3

. Here, the Fano factor 

represents the bulk filling as well as the quasiparticle charge.
The latter statement does not hold for other particle-like states, 

such as v = 2/5, v = 3/7, or even for particle–hole conjugated states, such 
as v = 2/3, v = 3/5 and v = 4/7. In Supplementary Section IV, we present 
a general calculation for an arbitrary filling with edge reconstruction 
and the ensuing renormalization leading to the emergence of neutral 
modes. Furthermore, we present a similar analysis for less conventional 
geometry with an engineered interfaced boundary. Remarkably, in all 
these cases, the Fano factor coincides with the bulk filling factor. We 
note that the Fano factor is unaffected by the partitioning of the 
charged quasiparticles (represented by the factor f; Fig. 4d,e). Hence, 
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it retains its value for f = 0, that is, on an intermediate conductance 
plateau within the QPC33,34. We stress that details of the edge reconstruc-
tion are redundant as long as the filling fraction of the reconstructed 
side strip, 1/m, is finite (Fig. 4). Even a minor reconstruction 1/m ≪ 1 
leads to the universal result F = vb. We note, however, that our results 
are compatible with the orthodox beam-partitioning mechanism  
for shot noise, expected in the absence of edge reconstruction  
(when no neutral modes emerge). We stress, though, that our analysis 
relies on a crucial assumption, namely, that the pulses arriving at  
the drain are statistically independent (cf. Supplementary Section IV). 
This assumption seems to work nicely in our experimental context, 
however unjustifiably.

At higher temperatures, the neutral excitations are known to 
decay27, and one expects the (off-the-plateau) Fano factor to repre-
sent the quasiparticle charge24,27. However, the states with a minute 
energy gap are fragile at higher temperatures. Moreover, the thermal 
Johnson–Nyquist noise contribution may dominate over the quantum 
contribution. Therefore, to study such exotic states, for example, 3/7 
and 5/2, at low temperatures, a simple path for extracting this charge 
combines experiment and theory. We measure the noise on and off 
the conductance plateau, calculate the neutral mode contribution 
to the latter and then extract the beam-partitioning contribution 
to the noise off the plateau. This last contribution is a marker of the 
quasiparticle charge. We note, however, that 1/m may be exceedingly 
small, resulting in a blurred plateau with an elusive conclusion con-
cerning the quasiparticle charge and the on-the-plateau noise. Further 
protocols and geometries are needed to determine the partitioned 
charge accurately.

Implications
Although this work has concentrated on quantum Hall states, its impli-
cations are much wider. For example, 2D topological insulators, with 
conducting edges and insulating bulk, allowing study of the topologi-
cal order in the bulk (relying on bulk–edge correspondence), are not 
immune from the deleterious effects of spontaneous edge reconstruc-
tion. Such an unexpected effect, which depends on uncontrolled details 
of the tested structure, may lead to erroneous interpretation of the 
collected edge data. Hence, interpreting the transport along the edge 
requires that the edge mirrors the bulk faithfully.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-022-01758-x.
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Extended Data Fig. 1 | Shot noise at integer bulk vb = 1 with symmetric and 
asymmetric QPC. a, Downstream current noise (Si) at bulk filling factor vb = 1 for 
the regular case, that is, when both the upper and lower modes are νl,uint = 1. Fano 
factor is F = 0.93. b, Si when the partitioned edge is 1b − 2/3g = 1/3int, and the QPC 

is asymmetric with νlg ≠ νug and νug not quantized. Obtained F = 1, with an accuracy 
of ±0.05. The electron temperature is slightly higher (about 3–4 mK) than the 
fridges’ base temperature.
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Extended Data Fig. 2 | QPC transmission for two types of interface 2/3 modes: 
1 − 1/3 and 2/3 − 0. QPC transmission as a function of upper-gate voltage Vu

g 
when the incoming mode at the lower bulk-gate interface is 1b − 1/3g = 2/3int (left) 

and 2/3b − 0g = 2/3int (right). The transmission shows a plateau at t = 1/2 for both 
cases, indicating edge reconstruction.
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Extended Data Fig. 3 | Quasiparticle bunching at strong backscattering of 
2/3 − 0 edge mode. Quasiparticle bunching leads to electron tunneling with 
F ≅ 1 at low QPC transmission and small impinging bias current (red plots). At 
a higher bias current, the transmission increases and the Fano factor becomes 

close to 2/3. This is consistent with the result of 2/3 edge in a regular QPC (Ref. 25). 
For the comparison, shot noise with F ≅ 2/3 at a higher transmission over the full 
bias current range is also shown (blue plots).
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Extended Data Fig. 4 | Upstream noise and Fano factor for newly engineered 
fractional states 2/3 − 1/3 = 1/3 and 2/3 − 4/15 = 2/5. a,b, Spectral density 
of upstream current noise, measured at an upstream amplifier 70 µm distant 
from the source hot-spot. Unlike ubiquitous 1/3 and 2/5 modes, the interface 
2/3b − 1/3g = 1/3int and 2/3b − 4/15g = 2/5int modes are expected to have negative or 
zero thermal conductance (Kxy); hence, they carry topological neutral modes. 
Note that 4/15 is a new quantum Hall state, which we could stabilize only by 

gating in a few bulk-gate devices. c,d, Spectral density of downstream current 
noise for 1/3int at t ≈ 0.63 and for 2/5int at t ≈ 0.56 when the QPC is set at symmetric 
configuration. Blue dots are the measured data and black solid lines are the fit. 
Estimated Fano factors are close to 2/3, the bulk filling factor. Schematics in 
the respective inset describe the interface mode incident on the QPC and the 
corresponding bulks.
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