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ABSTRACT

In this Perspective article, we present recent developments on interaction effects on the carrier transport properties of one-dimensional (1D)
semiconductor quantum wires fabricated using the GaAs/AlGaAs system, particularly the emergence of the long predicted fractional quantiza-
tion of conductance in the absence of a magnetic field. Over three decades ago, it was shown that transport through a 1D system leads to inte-
ger quantized conductance given by N�2e2/h, where N is the number of allowed energy levels (N¼ 1, 2, 3,…). Recent experiments have shown
that a weaker confinement potential and low carrier concentration provide a testbed for electrons strongly interacting. The consequence leads
to a reconfiguration of the electron distribution into a zigzag assembly which, unexpectedly, was found to exhibit quantization of conductance
predominantly at 1/6, 2/5, 1/4, and 1/2 in units of e2/h. These fractional states may appear similar to the fractional states seen in the Fractional
Quantum Hall Effect; however, the system does not possess a filling factor and they differ in the nature of their physical causes. The states may
have promise for the emergent topological quantum computing schemes as they are controllable by gate voltages with a distinct identity.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0061921

The ground-breaking investigations performed within the last
60 years or so exploring the fundamental quantum aspects of low dimen-
sional electron transport occurred as a result of technological develop-
ments. By an interesting scientific coincidence, the Field Effect, where
applying an electric field between two conductors separated by an insula-
tor to vary the carrier concentration, was first investigated by C. F. Mott,
the father of the immensely well-known solid state theorist N. F. Mott.
This was at the suggestion of Mott’s supervisor J. J. Thomson shortly after
his discovery of the electron in 1897. As Mott used metals, no effect was
observed, and it was only in the 1960s that the quality of semiconductor–
insulator interfaces improved to such an extent that successful experi-
mentation was possible, particularly using the Silicon Metal Oxide
Semiconductor Field Effect Transistor (MOSFET).

The use of MOSFET devices was pioneered by the IBM group
who showed that the inversion layer of the device was two-
dimensional (2D) and found Landau levels resulting from magnetic
quantization of the 2D density of states resulting in Shubnikov–
de-Haas oscillations.1 The device was subsequently used for detailed
studies of Anderson Localization, such as Variable Range Hopping2

and the nonexistence of true metallic states in 2D.3 A particularly note-
worthy development was the discovery of the Quantum Hall Effect
(QHE) in 1980;4 the accuracy and extent of the quantization of the

Hall conductance in units of e2/h were not anticipated by physics,
which did predict the geometrical independence of the Hall conduc-
tance when the Fermi energy was between Landau levels.5,6 The QHE
is most easily understood on the edge state model combined with
localization of states in the tails of the Landau levels, which are located
away from the edges. The net result is that conduction in the bulk of a
2D system is rendered negligible at low temperatures, the edge states
support one-dimensional (1D) conduction as the electrons at each
edge cannot be backscattered, and the conductance is quantized taking
values of Ne2/h, where N is the number of non-communicating edge
states at the Fermi level.7 The large distance between the states at the
two edges results in an infinitesimal probability of electron tunneling
between the two and the remarkable accuracy of the quantization.

The development of growth techniques, particularly modulation
doped Molecular Beam Epitaxy (MBE), allowed the formation of
much lower disorder structures and a correspondingly higher mobility
of the 2DEG formed at the interface of GaAs/AlGaAs. The materials
advancement led to the discovery of the interaction based Fractional
QuantumHall Effect (FQHE) when the disorder element was substan-
tially reduced.8 Use of low disorder GaAs/AlGaAs heterostructures
makes possible a detailed study of one-dimensional (1D) electron
transport. The simplest method of obtaining a 1D system is by
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electrostatically confining the electron/hole gas by split or patterned
gates, initially used in silicon,9,10 but more successfully with the GaAs
heterostructure.11,12 The flexibility of using split and patterned
Schottky gates allows a constriction, termed a quantum point contact
or quantum wire, to be formed in which the confinement can be
altered by negative gate voltages (positive if holes are confined); as the
confinement potential is relaxed, the 1D channel becomes wider, and
the quantized levels drop in energy, so changing the conductance by
2e2/h as they populate. The quantized conductance is N2e2/h, where N
is the number of allowed 1D subbands, and the factor 2 is due to spin
degeneracy. The quantization occurs in the ballistic regime where the
sample length is less than the elastic scattering mean free path, of sig-
nificance, for later work, the length is also less than the inelastic, phase
coherence length. Early work showed the 1D conductance quantiza-
tion with high mobility electrons in GaAs heterostructures;13,14 now
this effect has been observed in other materials.15–18

1D conductance quantization, measured in the two-terminal
mode, is not accurate as in the case of the QHE, as positive and nega-
tive momentum states are spatially coincident enhancing any back-
scattering, and measurements of resistance will include the 2D regions
between the quantum wire and the Ohmic contacts. The basic feature
of one-dimensionality giving rise to the quantization is that the density
of states of a level at the Fermi energy in 1D can be written as
N(E)¼ 1/hv, where v is the Fermi velocity. The conductance due to a
narrow band of states traveling at the Fermi velocity v is then 1/h,
which leads to the conductance quantization; the transition between
the spin degenerate and single spin cases is most easily achieved by the
application of a parallel magnetic field. A perpendicular magnetic field
will further squeeze the energy levels leading to depopulation11 and
the limiting case of the QHE in a narrow 2DEG.

Figure 1 shows a timeline of the evolution of ballistic quantum phe-
nomena in the transport of 2D/1D electrons. It is shown that the Integer
and Fractional QHEs were discovered in 1980 and 1982, respectively,4,8

and the 1D density of states and quantum correction in 1986; the quanti-
zation of conductance in a 1D quantum wire was demonstrated in 1988.
The following year, in 1989, non-linear transport in 1D quantum wire
was experimentally observed based on the theoretical prediction by
Glazman and Khaetskii,19 which initiated the concept of subband spec-
troscopy in 1D systems. One of the most surprising manifestations of
many body physics, the 0.7 conductance anomaly,20 was investigated in

detail in 1996, and in 2009, experimental demonstration of the 1D
Incipient Wigner Lattice was performed;21 this effect contained many
intriguing associated phenomena22,23 that subsequently led to the discov-
ery of non-magnetic fractional quantized conductance in 1D systems,
based on holes24 (2018) and electrons25 (2018–2019). It was almost
36years between this discovery and that of the FQHE principally due to
advancement in fabrication technology, availability of high-quality mate-
rial, and refinement in the ability to manipulate electron wavefunctions at
the boundary of the 1D–2D transition.

In this article, we provide our perspective of recent developments
in the quantum physics of 1D systems and future possibilities in the
field. Figure 2(a) shows the evolution of the 1D physics based on the
control of the carrier concentration and confinement with the ability
to manipulate many body effects within the system. Some of the effects
highlighted in this figure will be discussed in this Perspective.

The theory of quantization of conductance results in integer values
of conductance and is unable to explain a feature that occurs below
2e2/h; this can be in the form of conductance structure often a plateau
and is termed the 0.7 although it can occur anywhere between 0.6 and
0.8 in units of 2e2/h.20,26 A striking aspect of the 0.7 is that the application
of a parallel magnetic field, B, causes the feature to drop smoothly to
e2/h, indicative of a complete spin polarization; a similar effect will occur
with a perpendicular magnetic field, but as this rapidly leads to the QHE,
so a parallel magnetic field configuration is preferred. A spin splitting at
zero B is found below both the first and second 1D subbands accompa-
nied by an enhanced g value. Subsequent calculations also pointed to the
existence of a zero B lifted spin degeneracy;27–31 the direction of which
can be slowly varying on the timescale of transport through the 1D
region. This can give rise to a spin dependent back-scattering.

The observations that the 0.7 occurs due to the partial spin polariza-
tion in the ground state in a 1D channel would appear to contradict the
theorem of Lieb and Mattis32 that the ground state of an infinite 1D sys-
tem must be non-magnetic. It is not clear if this theorem holds in the
presence of an applied voltage or for a nanostructure that is quasi-1D.
Evolution of the conductance plateaus with the dc source-drain voltage
and magnetic field indicates that nearby the 0.7, the two spin levels split,
with an occupied lowest level and a non-degenerate upper spin level
pinned above the source chemical potential. Current in the channel is
now due to the transmission of the lower spin level giving 0.5(2e2/h) and
partial transmission of the upper spin level; a consequence is an enhanced
g value that increases with population of the lowest level. Eventually, as
the carrier concentration increases, the upper level is pulled below the
source chemical potential, and the normal 2e2/h plateau is obtained. As
the temperature decreases, so the upper spin level moves down in energy
to become close to, and eventually at, the source potential, so becoming
degenerate, resulting in the increase and eventual disappearance of the 0.7
into the 2e2/h plateau at the lowest temperature.33

The 0.7 decreases toward the fully spin-polarized value of 0.534 as
the carrier concentration is reduced resulting in suggestions that there
is an absence of the upper spin level. In a similar manner, it has been
suggested that as the fully spin polarized value is obtained for longer
channels, there is an absence of minority spin carriers that can
tunnel;35 the result is the formation of an enhanced spin gap.

Thermopower measurements have been taken on the 0.7 struc-
ture. The thermo-electric power exhibited by 1D devices has shown
that there is a general agreement with the Mott formula (p2kBT

3e :@G=
G@l, where l is the chemical potential, G is the conductance, kB is the

FIG. 1. A timeline of the evolution of ballistic transport phenomena in the transport
of the 2D/1D systems.
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Boltzmann constant, and e is the electron charge) for the integer quan-
tized plateau. The thermopower exhibited by 1D devices shows a peak
corresponding to each riser in quantized conductance agreeing with
the Mott formula.36 However, at low carrier concentrations, there are
deviations associated with many body effects as a flat 0.7 plateau might
be expected to show a zero, or minimal, thermopower, as found and
predicted for integer plateaus, due to the lack of dependence of con-
ductance on the carrier concentration. On the contrary, the thermo-
power is high, indicating a breakdown of the underlying conditions
leading to the Mott formula.36 It is possible that as spin polarized elec-
trons emerge toward the cold end of the sample, in a thermopower
measurement, there will be a transition to the spin degenerate situation
and a decrease in the Fermi energy. The heat emission due to this pro-
cess will raise the temperature of the cold end and produce an increase
in measured thermopower. Significantly for understanding the 0.7, a
thermal conductance plateau was found at 0.5 when the conductance
was in the region of the 0.7 indicating the formation of a spin gap.37

Other investigations include compressibility which produced
results on the behavior of the 0.7 in agreement with that expected for a
spontaneous spin polarization and not in accordance with Kondo pre-
dictions.38 Measurements showed a reduction in shot noise on both
integer and 0.7 plateaus; the Fano factor indicated two different chan-
nels of transport; these could be identified as the two unequally popu-
lated spin channels expected for a spin polarization.39 An interesting
aspect of the behavior of higher integer plateaus was found when a
crossing of opposite spin levels was induced by a parallel magnetic field
and a spontaneous spin polarization was found.40 A theory of the pro-
cess41 had success in accounting for the behavior, in particular a break-
away conductance plateau that differed according to whether it was
approached from high or low magnetic fields; this hysteresis arose from
the exchange between spin populations induced by the magnetic field.

It has been suggested that the 0.7 may be a Kondo peak due to
the formation of a localized state in the channel caused by backscatter-
ing.42,43 It is known that resonance features in the conductance are
strong in the presence of back scattering,44 and these can be produced

by impurities. The discussion on whether the 0.7 arose from a localized
state in the channel43 or another mechanism was investigated using
conventional split gate channels with the ends of the gates slightly
curved to reflect carriers and produce a bound state. The results
showed that moving the conducting channel to one side enhanced
back-scattering and produced an excellent example of a Kondo peak
in conductance; however, this was superimposed on the 0.7, showing
that the two had different physical origins. In the absence of the
imposed back-scattering, a Kondo peak was entirely absent.45 A simi-
lar conclusion that the 0.7 is fundamental and not related to localized
states was obtained by scanning probe measurements.46 Scattering in
the channel due to impurities or defects can produce considerable
mesoscopic structure in the conductance,47 which can then give rise to
localization and a Kondo structure.48 These results indicate the neces-
sity of utilizing clean disorder free channels for the observation of
spontaneous spin polarization, which has also been observed in hole
systems.49 Recent theory has proposed that there is a spin polarization
that slowly rotates as carriers progress through the channel; this effect
can explain the experimental findings including the observed zero bias
anomaly.30,50,51 It has been known for some time that in one-
dimension, all states are Anderson localized.52,53 Essentially, the prob-
ability of an electron being forward scattered, and diffusing through a
1D device decreases to zero as the system size increases. However, the
devices used in studies described here are of order 1 lm in length, and
unless the sample is deliberately disordered, the number of scattering
events is limited. This can be of order 1 or 2 as in Smith et al.47

Consequently, the only effect of localization in the characteristics of
the conductance is the Kondo effect described earlier.

There are several other spin effects in addition to the 0.7. One of
the characteristics of a Luttinger liquid is that the strong interaction
gives rise to a separation of charge and spin transports and spin-
charge separation.54–56 However, in a low-density system, the mutual
repulsion keeps carriers widely separated; the exchange interaction is
minimized and is less than the thermal energy; consequently, the spin
direction is random and no longer has a defined value.57 Such a spin

FIG. 2. (a) The evolution of 1D physics in the quantum transport of quantum wires as a function of tuning the confinement potential. It is shown here how a variety of 1D states
emerge out when the interaction between the 1D electrons and the externally applied potential confining them are varied. (b) The emergence of 1D Wigner lattice as a function
of the changing carrier concentration and confinement potential.
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incoherent Luttinger liquid has been identified by a suppression of the
2e2/h plateau to e2/h as the spin quantum number is no longer opera-
tive, and states must be singly occupied.58

A characteristic of an unequal spin population is as with the 0.7 a
tendency to ferromagnetic behavior; an enhanced and oscillating g
value was found as levels were filled in the presence of a magnetic field.
This effect is essentially a magnified version of the behavior in the
absence of a magnetic field when the spin repulsion is due to the
exchange only.59–62

When the applied source-drain voltage, Vsd, is small, there is no
difference between the conductance (I/Vsd), and the differential con-
ductance (dI/dVsd), the integer plateaus appearing at 2Ne

2/h, N¼ 1,
2, 3, …. However, as Vsd increases, so the plateaus in conductance
disappear, but with differential conductance, the integer plateau in
2e2/h occurs at e2/h and then 2e2/h, a relationship which can be
derived simply.63–65 The two plateaus are separated in energy by
eVsd/2, reflecting the lifting of the momentum degeneracy, which
allows a direct measurement of the energy in the channel as a func-
tion of gate voltage. When the momentum degeneracy is completely
lifted and electrons flow in one direction, a plateau at e2/h would be
expected, but this drops to level out at e2/2h, i.e., 0.25(2e2/h). Such a
result implies that both the spin and momentum degeneracy are
removed, and the stream of electrons possesses ferromagnetic order-
ing although no defined direction. Alternatively, the measurement of
the conductance, rather than the differential, is proportional to the
band filling that reflects the repulsion between the spin levels. The
spin polarization in the non-linear regime has been directly observed
and utilized for spin filtering and control in an electron focusing
experiment.66

Quantum calculations67,68 have shown that a single row of elec-
trons will become progressively distorted as the interaction (confine-
ment potential) increases (decreases), to form a zig-zag array, eventually
splitting into two separate rows, from right to left as confinement weak-
ens, Fig. 2(b), i.e., a transition from bonding to anti-bonding states. The

two lines of electrons are similar to the lines considered for cold atoms
and ladder compounds,69,70 and rotational chiral currents may result
from such a configuration. Matveev, Meyer, and co-workers71,72 investi-
gated the different exchange processes in which the spectator electrons
are allowed to relax. As the interaction increases, the nature of the
ground state varies from a two-particle exchange based on a particle in
each row to a four-particle ring; however, the energies of the different
rings are close, making difficult a precise determination of the ground
state. The transition from one row to a zig-zag is predicted to occur
when the separation, in units of the Wigner–Seitz radius, rs, is less than
0.78, and the resultant zig-zag is stable until rs is 1.75 when more rows
form. Eventually, the zig-zag configuration gives way to a more complex
arrangement of many rows to form a Wigner Lattice, a conclusion also
reached by classical calculations;73 here, the stability has been investi-
gated as a function of confinement potential.74 The calculations showed
that the only allowed second order transition between one and two rows
is for a parabolic confinement potential.

By locating a gate over the channel separated by a dielectric from
the split gates, it is possible to provide a flexible control by directly
altering the carrier concentration as well as the width of the 1D chan-
nel. Experiments21–23 at a low 2D carrier concentration, <5� 1010

cm�2, and an electron mobility of �4� 106 cm2/V s showed that as
the confinement weakened, the 2e2/h plateau either completely (cross-
ing) or partially disappeared (anticrossing). These two effects are
shown in Figs. 3 and 4. The device schematic is shown in the inset of
Fig. 3(a). Figure 3(a) shows the effects of weakening confinement
where the left-hand corresponds to strong confinement with the car-
rier concentration (initially 2� 1011 cm�2) reduced by the top gate
voltage, Vtg, with weaker confinement, for each successive plot of con-
ductance vs split gate voltage, Vsg. When the split gate threshold volt-
age is near �3.1V, the first plateau at 2e2/h has weakened
considerably compared to the plateau at 4e2/h. Moving further to the
right, the first plateau is restored, but as seen, the curves become much
closer, which indicates a stronger coupling to the split gates; this is

FIG. 3. (a) Conductance characteristics of a 1D device as a function of applied top gate voltage [�6.0 (left) to �9.2 V (right)]. Inset shows schematic of a top gated, split gate
device defined over a GaAs/AlGaAs heterostructure; here, split gates are shown in orange, the top gate in blue, and the dielectric separating them is shown in gray. (b) A trans-
conductance plot (dG/dVsg) of data shown in (a) illustrated as a colorplot, where dark regions represent the conductance risers and the red regions are the conductance
plateaus.
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expected if the electron wavefunction were to be more laterally
extended across the channel. Interpretation of the data is simplified by
the examination of the colorscale plot, Fig. 3(b), obtained from the
transconductance (the gradient of the conductance) of the data in
Fig. 3(a); here, the black lines correspond to the risers between pla-
teaus, and the red corresponds to the plateaus. In the region of strong
confinement, top left, there are clear plateau regions between the black
lines; the first narrows as the confinement is progressively weakened—
moving toward bottom right. At a point near�3.1V corresponding to
the transition in the conductance, there is an anticrossing of the energy
levels and a transition in the ground state. Measurements on another
sample, Fig. 4, show that the first plateau has completely disappeared
[Fig. 4(a)]; the transition may be an anticrossing smeared by disorder
or a crossing; the former ground state subsequently crosses the second
excited state as seen in both conductance plot and the colorscale plot,
Fig. 4(b), of transconductance of data in Fig. 4(a). Such measurements
have been repeated in the presence of a 12T magnetic field in the
plane of the 2D electron gas; the anticrossing is very clear, albeit all the
values of conductance are reduced by a factor of 2 due to lifting of spin
degeneracy [Figs. 4(c) and 4(d)]. However, there is considerable com-
plexity in a series of crossings and anticrossings, which arises from the
added variable of spin doubling the number of levels.22 Such results
have been observed with many different samples21–23 with different
preparation conditions and from different semiconductor growth

centers. We conclude sample independence although high disorder
can obscure observation.

A further series of measurements, Fig. 5, was conducted on GaAs
based 1D quantum wires where the top gate was grounded to simplify
the electrostatics. In this measurement, the split gates were asymmetri-
cally biased moving from left to right in the conductance plot.75 It was
noticed that the effect that was produced by the symmetrical confine-
ment potential in Figs. 3 and 4 was reproduced by applying an asym-
metric confinement potential even in the absence of a top gate voltage.
As seen, the plateau at 2e2/h was significantly weakened on enhancing
the asymmetry in applied confinement potential, and at around VB

��3.1 V (VB, voltage on one of the split gates, see Fig. 5 caption for
further details), so resulting in anticrossing of the ground and first
excited states. A different sample where there was no physical top gate
present over the split gates was also measured; a colorplot of the trans-
conductance data is shown in Fig. 6. Dual anticrossing (AX) effects
were observed, and expected, when the confinement potential was var-
ied from highly asymmetric to symmetric to again highly asymmetric
by independently controlling voltages on the split gates.75

In these measurements, it was shown that in a wide 1D quantum
wire, manipulating the confinement potential results in tailored many
body effects that produce an Incipient Wigner Lattice when the 1D
system is near the transition to 2D. It is termed an Incipient Wigner
Lattice as the electron repulsion determines the particular

FIG. 4. (a) Conductance characteristics of a different 1D device as a function of top gate voltage [��7.5 (left) to �9.2 V (right)]. (c) Conductance characteristics in the pres-
ence of in-plane magnetic field of 12 T showing Zeeman splitting and crossing of the ground state with the higher subbands as the confinement weakens. (b) and (d) show
transconductance plots represented as grayscale plots for the data in (a) and (c), respectively, where gray regions represent the conductance risers, and the dark, black
regions are the conductance plateaus. Adapted from Ref. 22.
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configuration of the electrons as would occur in a 2D Wigner Lattice.
Normally, discussion of the behavior of a confined system assumes
that there is a lateral quantization of the wavefunctions arising from
the spatial confinement. However, if the system width is W, then the
ratio of Coulomb energy to confinement energy is �W; so at large
widths, and especially low carrier concentrations, the energy levels are
determined by the Coulomb effects. As the system width increases,
confinement weakens; the wavefunction with two centers of charge
drops in energy faster than the original ground state where the charge

is peaked in the center.22,75 This results in the new ground state being
formed from the original first excited state although it would be
expected that the node would disappear on reducing the energy.

Electron focusing has been used to observe the splitting of the
ground state into two corresponding to the formation of the Incipient
Wigner Lattice. Focusing comprises injection of electrons into a 2D
electron gas subjected to a weak transverse magnetic field, which bends
the injected electrons around and focusses them into a narrow detec-
tor.76 The first resonance occurs when the magnetic field is given by
B¼ 2�kF/eL, where kF is the Fermi wavevector, L is the separation of
the injector and detector, and e is the electron charge, so that the sepa-
ration of injector and detector equals the cyclotron diameter. The
assumption is that the electrons are injected from a central point
although with broadening; if the electrons are now injected from two
points, then the resonance peak is split into two. The situation is
shown in Fig. 7, where in (a), an experimental diagram shows the
injector and detector, and (b) and (c) illustrate the focusing results (see
Fig. 7 and caption for further details). The top plot in Fig. 7(c) shows
the resonance focusing signal taken with the injector in strong confine-
ment regime; the consecutive plots on going down correspond to a
gradually weakened symmetric confinement potential. The central line
of electrons splits into two as the confinement weakens, which results
a split in the focusing peak, Fig. 7(b).77 The distance between the two
injection points is obtained from the known parameters and is approx-
imately 3/4 of the channel width. Such behavior is fully consistent with
the establishment of a zig-zag. By applying bias to the detector, it is
possible to introduce a spin selectivity to the resonance, which has
been used to probe spin texture.77

Now we discuss the theory of fractional quantization of conduc-
tance in the 1D/2D systems, followed by a mechanism based on the
1D zigzag chain of electrons. The recent experimental results on non-
magnetically induced fractional quantization of conductance in the 1D
channel will subsequently be discussed. The first theory of non-
magnetically induced fractional charges was by Su, Schrieffer, and
Heeger (SSH)78 (see for a review), was constructed for 1D polymer
chains where an alternation in the bonding arrangement could pro-
duce a defect with charge e/2. However, as polymer chains are highly
disordered, this prediction has not been observed, although in many
respects, a ladder compound can be envisaged as two chains that are
connected.69,70 It has been suggested that the Anomalous Hall effect
and Quantum Spin Hall effect in Topological Insulators could produce
fractional charges. At present, these have not been observed.79

Thouless et al.80 considered a band structure with a magnetic
field applied and showed the existence of the Integer QHE without
Landau levels, an example of the Hofstadter Butterfly. Subsequently,
Haldane81 discussed a half filled honeycomb band structure with zero,
net magnetic field arising from a field which reversed every plaquette;
the Integer QHE was predicted as a consequence of the breaking of
time reversal symmetry. A detailed consideration of Chern insulators
has evolved82 based on band insulators in which quantization, both
integer and fractional, is predicted as a function of the Chern number,
which is essentially a path integral around a unit cell. This is essentially
the equivalent of the Landau index in a continuum model. Fractional
quantization in these materials in the asbsence of magnetic field has
not yet been observed.

Calculations and simulations using lattice models have resulted
in predictions of odd denominator fractions in the absence of a

FIG. 5. Conductance characteristics measured by sweeping voltage on gate B, VB,
as a function of increasing negative offset voltage (DVSG¼�0.1 V) on gate A, so
that VA ranges from �0.4 (left) to �5.8 V (right). Here, the confinement potential
was made highly asymmetric by holding gate B at a fixed voltage, while gate A was
being swept. The inset shows a device schematic where split gates are shown in
yellow and a top gate over the split gates in orange. Adapted with permission from
Kumar et al., Appl. Phys. Lett. 118(12), 124002 (2021). Copyright 2021 American
Institute of Physics.

FIG. 6. A colorplot of transconductance data [see Fig. 3(a) in Ref. 75 for conduc-
tance plot] showing the evolution of two sets of anticrossing of the ground and first
excited states, one at VA and VB þ DVSG (�3.3 and �2.0 V) and the other at VA
and VB þ DVSG (�1.6 and �4.5 V). Adapted with permission from Kumar et al.,
Appl. Phys. Lett. 118(12), 124002 (2021). Copyright 2021 American Institute of
Physics.
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magnetic field.83–89 The tight-binding calculations were based on a
high ratio of bandgap to bandwidth, typically 20 to 50; the electron
energy was flat with increasing numbers of carriers. Wavefunction
overlap only reached as far as second nearest neighbors, and in that
respect, the system resembled Landau Levels where the principal
energy in the system is the electron–electron repulsion with limited
hopping distance. The various models all reached similar conclusions
in which a square lattice with flat bands showed minima in energy at
1/3 and 1/5 filling factors.86 Similar behavior has been found with
hard core bosons89 and, in principle, higher temperatures than the liq-
uid Helium range are possible.

Ring exchange was considered in relation to the FQHE shortly
after its discovery,90 and it was suggested that such a process in the 2D
electron gas could explain the fractional quantization. This suggestion
created discussion as in the absence of a quantizing magnetic field,
ring exchange could increase the electron energy, rather than produce
a minimum,91 and it was not pursued further in that context. It was
suggested that the dominant exchange was due to the large number of
electrons participating, and that this could lead to a fractional charge.
Prior to this, ring exchange was known to play an important role in
the properties of quantum solids such as helium 3, where it was first
shown that an odd number of particles in the exchange process leads
to a spin polarized configuration. The system was regarded as com-
prising cavities, atoms, separated by ducts through which exchange
tunneling occurred.92 In a similar way, an optical field produces cyclic
currents and edge states in a cold atom ensemble.93 It is possible that a
cyclical ring current is a way of lowering the ground state energy by
reducing the effects of the confinement, which determines the ground
state; the correlated motion produces a cyclic current around the ring,
resulting in a lowering of the energy and a gapped state at particular
fractional conductance values. There is a certain resemblance here to
the vortex state in the FQHE. Figure 8 shows this situation, where the
prevailing rotation is clockwise, although it could be opposite, and the
two triangles could be in anti-phase. This suggestion is clearly different
from the continuum in which the FQHE is found or the lattice theories

as the existence of a zigzag configuration can allow a cyclical motion
of the carriers. The implications of such a model are that the electrons
form their own lattice due to both decreased confinement and the
electron–electron interaction. Tunneling through the ducts could
create a cyclic current and decreased confinement energy leading to a
gap at the Fermi energy.

1D hole conduction in high mobility germanium grown on ger-
manium–silicon24 showed that at very low values of the carrier con-
centration (2D density � 1010 cm�2), the first and second integer
plateaus disappear and are replaced by fractional plateau at/near (1/
2)e2/h and (1/16)e2/h. In the presence of a high parallel magnetic field,
the plateau at (1/2)e2/h dropped to (1/4)e2/h, indicating that it was
spin degenerate at zero magnetic field, and the plateau at (1/16)e2/h
strengthened, implying that it was spin polarized at zero field.

FIG. 7. Imaging the zigzag Wigner crystallization formed in a 1D channel using transverse electron focusing. (a) Schematic of a focusing device consisting of a confinement-
tunable quantum wire, as injector, on the left, formed by a pair of split gates (shown in yellow) and a top gate (shown in pink) separated by a SiO2 insulator. A pair of split gates
on the right act as a detector. (b) Illustration of the focusing peaks and their corresponding cyclotron motions. A single row of electrons will produce a single peak as shown in
(i) when focused into the detector, whereas electrons in a double row are focused into the detector at two different magnetic fields [(ii) and (iii)], giving rise to a split in the focus-
ing peak. (c) Electron focusing graph when the confinement was tuned from being strong, the top trace, to weak, the bottom trace, which is the regime where the 1D electrons
have localized in the 1D Wigner lattice. Adapted with permission from Ho et al., Phys. Rev. Lett. 121(10), 106801 (2018). Copyright 2018 American Physical Society.

FIG. 8. An illustration of cyclic current in a zigzag 1D electron configuration leading
to observations of non-magnetic fractional quantized conductance.
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A search for such non-magnetic fractionally quantized conduc-
tance was performed with high mobility GaAs based heterostruc-
tures25,94 with low values of electron carrier concentration and a tuned
asymmetry in the confinement potential. This was successful for 2D
values of the carrier concentration near �1010 cm�2, which is much
lower than that normally used for investigations into 1D behavior. For
weak, symmetric confinement a plateau at (1/2)e2/h was present; how-
ever, if the confinement potential were asymmetric and weak, then
additional fractional plateaus emerged, of which the most prominent
and stable were 2/5, 1/2, and 1/6. In Fig. 9(a), the main figure shows
1/2 obtained in an asymmetric confinement potential, and the inset
shows 1/2 obtained in a symmetric confinement potential, the only
fraction in this configuration. The 2/5 and 1/6 that are shown in Fig.
9(b) were obtained with an asymmetric confinement potential. A 2/3
plateau was frequently found with a slight slope, and a plateau was
often present near 3/5 but slightly below the exact fractional value.
The flatness of the most stable plateaus from the various samples mea-
sured was found to be 1 in 104 over the plateau length for the flattest
parts of the 1/6, 1/2, and 2/5 states, as shown in Fig. 10. The length
and absolute error from the accurate value of plateaus for these

fractions is over 2 (error 0.8%), 3.3 (error 0.2%), and 3.4mV (error
0.2%). In Fig. 10, sweeps from left to right is for an enhancement in
the asymmetry in the applied confinement potential. The 1/6 frac-
tional state is well estabalished and the curves cluster around the 1/6
until the asymmtry in the confinement potential is further enhanced
and resonant type structure similar to theory in Fig. 2(a) in Ref. 95 is
found. One consistent feature of the fractional results is the disappear-
ance of the 1 and 2 integer plateaus, indicating that the interaction is
determining the electron states when confinement is weak.

Figure 11 shows the emergence of the 2/5 in (a) and 1/5 in (b)
states as a function of decreasing operating temeprature from 2 to
0.02K. The 2/5 emerges at �300 mK, whereas the 1/5 emerges close
to 400 mK, only a small change in the carrier concentration is required

FIG. 9. The emergence of fractional conductance plateaus in a tunable confinement potential in a top gated, split gate device. The main plot in (a) and the main and inset plots
in (b) show fractional conductance states at 1/2, 1/6, and 2/5, respectively, in an asymmetrically confined 1D quantum wire, and the inset in (a) shows the 1/2 fractional state in
a symmetric confinement potential. Adapted from Ref. 25.

FIG. 10. Conductance characteristics of a top-gated split gate device as a function
of asymmetry and width of the confinement potential. At Vtg¼�0.36 V, the offset
or asymmetry between the split gates, DVsg, was incremented from �0.65 (left) to
0.97 V (right) in steps of 10 mV, so widening the channel and flattening the confine-
ment. Moving from left, a highly stable fraction at 1/6, was seen with subsequent
evolution of fractional states at 1/2, 2/5, 3/5, and 2/3. A horizontal offset of 4 mV
was set between the consecutive traces for clarity. Adapted from Ref. 25.

FIG. 11. (a) Temperature dependence of the 2/5 fractional state observed in the
absence of a magnetic field in a highly asymmetrically defined quantum wire.
Adapted with permission from Kumar et al., Appl. Phys. Lett. 115(12), 123104
(2019). Copyright 2019 American Institute of Physics. (b) Temperature dependence
of the 1/5 fractional state observed in a different cooldown to the one shown in Fig. 10.
Traces have been offset horizontally in both (a) and (b) for clarity.
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to switch between the two states. Figure 12(a) is taken from Ref. 95
based on the simulated emergence of the 2/5 as the temperature is
reduced from right to left. The horizontal axis in this figure is l/D,
where l is the electrochemical potential, Fermi energy, and D is the
fractional gap at the Fermi energy; the similarity between theory and
experiment is apparent here. On the formula of Shavit and Oreg,95 the
number of electrons involved is 3 and 1 for 2/5 and 2 and 1 for 1/5;
consequently, the two fractions are closely related and behave in a sim-
ilar manner as in Fig. 11.

As previously mentioned, the principal theory of relevance to the
experiments shown here is that of Shavit and Oreg,95 who have
proposed an explanation of the observed non-magnetic odd denomi-
nator fractions. They considered the role of momentum conserving
coherent backward and forward scattering between two separate lines
of carriers, which, in this case, would correspond to the zigzag. The
formula they derived for the plateau values is, in units of e2/h (n1
� n2)

2/(n1
2 þ n2

2), as illustrated in Fig. 12(b), where n1 and n2 are the
numbers of particles coherently scattered between bands, so that back-
scattering in one is counterbalanced by forward scattering in the other
and n1k1¼ n2k2, where k1 and k2 are the corresponding wave vectors.
We immediately see why asymmetric confinement is necessary, so
that n1 and n2 differ resulting in many fractions; the 2/5 is strong for
small numbers of electrons. Weaker plateaus are observed above 1/2,
which would correspond to larger numbers of carriers participating a
more improbable process. This formula does not predict even frac-
tions, which may have a similar origin as in the FQHE, where they are
postulated to result from Bosonic pairing in a BCS model.96,97

Insight into the Shavit and Oreg formula can be obtained by con-
sidering the scattering process; when the interaction between the two
bands is sufficiently strong, they become entangled. If the respective
densities of states at the Fermi energy of the two bands are N1 and N2,
then n1/N1¼ n2/N2, which follows from the inverse proportionality of
momentum and density of states in 1D. The probability of backscatter-
ing in the N1 band is then N1/(N1

2 þ N2
2)1/2, arising from the entan-

glement of the two bands, and similarly for the N2 band, the
probability of forward scattering is N2/(N1

2 þ N2
2)1/2; the probability

of the process occurring involving both events is then N1N2/(N1
2

þ N2
2). The scattering directions can be reversed giving a degeneracy

of 2, so making use of the relationship n1/N1¼ n2/N2, we obtain the
probability, P¼ 2n1n2/(n1

2 þ n2
2). The conductance G is given by

Te2/h, where T is the transmission coefficient, normally in ballistic
transport T � 1, but in the presence of the backscattering,

conductance becomes (1 � P) in units of e2/h giving G¼ 1 � 2n1n2/
(n1

2 þ n2
2). This can be rewritten as (n1 � n2)

2/(n1
2 þ n2

2), which is
the result of Shavit and Oreg.95

The process of forming the fractions on this model is based on
the controlled separation of the carriers as the confinement weakens,
and they start to form the zigzag, i.e., a wavefunction with two centers
of charge. The carriers do not then behave independently but are cou-
pled or entangled, so resulting in the fractionalization. If the separation
of the two rows increases further, then the entanglement breaks down,
and the situation may resemble ballistic transport in each row with
scattering. When rows are close with strong confinement, they form
the normal single wavefunction and a conductance of 2e2/h.

It is interesting to note that the fractions found using GaAs could
correspond to the fractional charges fe, where the conductance is given
by (fe)e/h, as in the FQHE. However, the results for the Ge based 1D
quantum wire24 may be most easily explained on the basis of a con-
ductance given by (fe)2/h, where f is given by 1/2 and 1/4, and the 1/2
may correspond to two 1/4 charges that are paired. The difference in
the two situations may result from the hole ground state comprising p
orbitals resulting in a strongly coupled line.98

The differential ac conductance with a dc source-drain voltage
that is varied between 0 and��3mV in the presence of a small signal
ac has been used to determine energy levels in a quasi-1D system. The
dc voltage drives the system non-Ohmic, and the ac conductance is
Gac¼ dI/dVsd. When the dc voltage is sufficient to lift the momentum
degeneracy, the result is that Gac takes one half of the Ohmic or linear
value. This has been used to investigate energy levels in the integer
regime, as the decrease in potential of the 1D subband is given by
eVsd/2; this can be correlated with the shift in split gate voltage neces-
sary to obtain the plateaus. In the presence of a magnetic field, this
technique allows extraction of the Lande g value. The non-Ohmic con-
ductance has been measured for a number of fractions, and the reduc-
tion by a factor of 2 has been observed. This suggests that the system is
behaving in the same way as in the integer regime. Figure 13 shows
the results when a fractional value of 1/2 was found in the Ohmic, lin-
ear regime; the data have been moved horizontally for clarity.25 The
initial rise occurs before the current is unidirectional. The source-
drain dc voltage is stepped from 0 on the right to �3mV on the left.
The non-Ohmic plateaus do not quite reach the expected 1/4 possibly
due to a change in the carrier concentration, but the main conclusion

FIG. 12. (a) Theoretically simulated conductance for the time reversal invariant
nanowire with plateaus at 2/5 (a=

ffiffiffiffiffiffiffiffiffi

2mD
p

Þ and at different temperatures (left to
right), ðT=D)¼ 0.1, 0.2, 0.3, 0.4, and 0.5. Plots are shifted horizontally for clarity.
(b) Two-band dispersion with an example of a backscattering process that con-
serves momentum when the chemical potentials are such that n1k1¼ n2k2.
Adapted with permission from Shavit and Oreg, Phys. Rev. Lett. 123(3), 036803
(2019). Copyright 2019 American Physical Society.

FIG. 13. The effect of dc source-drain bias on the differential conductance corre-
sponding to the fractional conductance 1/2 in a symmetrically confined, low density,
1D quantum wire. The source-drain bias, Vsd, was incremented from 0 (right) to
�3mV (left) in steps of �0.1 mV. Adapted from Ref. 25.
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is that the fractional conductance behaves in the same manner as does
the integer.

To determine if all the observed fractional plateaus arise from
quantum states rather than, for example, a transmission effect, the dif-
ferential conductance was measured with a measuring signal of 10lV
ac in the presence of 1–3mV dc. In all cases, the predicted halving of
the Ohmic value was obtained. In both Ohmic and non-Ohmic mea-
surements, plateaus of different values but with positive or negative
gradient can be found. For example, as shown in Ref. 25 in the pres-
ence of a parallel magnetic field, the plateaus shift, and the gradient
can increase or decrease, making it important to determine what con-
stitutes a quantum state. A true topological quantum state will main-
tain its quantized value with changes in the potential environment
until the change is sufficiently large to remove the state. We note pla-
teaus in the QHE and FQHE only become flat as the temperature
decreases and the magnetic field approaches a particular value; here,
the confinement potential produces a similar effect, i.e., the fractional
gradient decreases with the approach to the quantized value.
Consequently, flatness and accuracy are linked, and a highly accurate
value signifies a true quantum state. In addition to the flatness, the
data we present here are free of fluctuations and random telegraph sig-
nals giving further confidence in the absence of impurity effects.

If current flow is unidirectional, then forward moving electrons
will be backscattered into empty states, but there are no backward
moving electrons to be scattered into forward moving states. This diffi-
culty implies that there may be a Umklapp processes involved, or the
entanglement process is more complex than envisaged to result in
cyclical motion of the electrons.

Earlier results presented here show how the ground state changes
as the confinement potential is weakened, and a zigzag forms. If this
occurs at a low carrier concentration, then the carriers form an
entangled entity as they separate, which behaves as if possessing frac-
tional charge. Futher investigations on thermal properties and shot
noise to elucidate the effective charge will give a greater understanding
of these states.

In conclusion, the field of 1D ballistic transport has matured in
the past three decades since its early beginnings with the development
of split gate confinement and a variety of new effects have been discov-
ered, in particular the many body aspects.99 The ballistic transport in
1D has been well established in III–V compound semiconductors, par-
ticularly GaAs, and could be extended into a new class of high quality
materials, such as InSb and InAs as well as 2D materials (graphene,
bilayer and twisted graphene, silicene, etc.) and topological materials
for many body physics. The variety of rich physics the 1D field has to
offer can be studied in a range of materials for establishing the robust-
ness of the effects, particularly, the fractional quantized conductance
in the absence of magnetic field. One of the striking observations
found recently was the self-organization of electrons/holes in the tran-
sition between 1D and 2D, resulting in the formation of a zigzag lattice
exhibiting fractional conductance plateaus. This unexpected manifes-
tation of interaction effects within the 1D channels indicates that
quasi-particles so formed may possess fractional charge—previously
only found with the FQHE in 2D systems. The recent experimental
results and theory pose further challenges and require new experi-
ments for the estimation of precise electronic charge at the fractional
conductance plateaus as well as investigations of entanglement and
non-Abelian statistics associated with these fractional states. The

physics and technology of 1D quantum structures has much to offer
both for fundamental quantum physics of condensed matter and for
applications in quantum information schemes.

The financial assistance from the Engineering and Physical
Sciences Research Council (EPSRC), United Kingdom Research and
Innovation (UKRI), UK (No. EP/R029075/1), and an UKRI Future
Leaders Fellowship (No. MR/S015728/1) is acknowledged. We
benefited from enlightening conversations with the many
theoretical and experimental colleagues and co-authors listed in
some of the references below. In particular, we wish to pay tribute
to the late Professor K.-F. Berggren for our many fruitful
discussions and collaboration.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54(2), 437 (1982).
2N. F. Mott, M. Pepper, S. Pollitt, R. H. Wallis, and C. J. Adkins, Proc. R. Soc.
London A 345(1641), 169 (1975).

3M. Kaveh, M. J. Uren, R. A. Davies, and M. Pepper, J. Phys. C 14, L413 (1981).
4K. v Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45(6), 494 (1980).
5S. Kawaji, Surf Sci. 73, 46 (1978).
6T. Ando, Y. Matsumoto, and Y. Uemura, J. Phys. Soc. Jpn. 39(2), 279 (1975).
7B. I. Halperin, Phys. Rev. B 25(4), 2185 (1982).
8D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett. 48(22), 1559
(1982).

9C. C. Dean and M. Pepper, J. Phys. C 15(36), L1287 (1982).
10C. C. Dean and M. Pepper, J. Phys. C 17(31), 5663 (1984).
11K.-F. Berggren, T. J. Thornton, D. J. Newson, and M. Pepper, Phys. Rev. Lett.
57, 1769 (1986).

12T. J. Thornton, M. Pepper, H. Ahmed, D. Andrews, and G. J. Davies, Phys. Rev.
Lett. 56(11), 1198 (1986).

13D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J. E. F.
Frost, D. G. Hasko, D. C. Peacock, D. A. Ritchie, and G. A. C. Jones, J. Phys. C
21(8), L209 (1988).

14B. J. Van Wees, H. Van Houten, C. W. J. Beenakker, J. G. Williamson, L. P.
Kouwenhoven, D. Van der Marel, and C. T. Foxon, Phys. Rev. Lett. 60(9), 848
(1988).

15R. Danneau, O. Klochan, W. R. Clarke, L. H. Ho, A. P. Micolich, M. Y.
Simmons, A. R. Hamilton, M. Pepper, D. A. Ritchie, and U. Z€ulicke, Phys. Rev.
Lett. 97(2), 026403 (2006).

16I. Zailer, J. E. F. Frost, C. J. B. Ford, M. Pepper, M. Y. Simmons, D. A. Ritchie, J.
T. Nicholls, and G. A. C. Jones, Phys. Rev. B 49(7), 5101 (1994).

17S. J. Koester, B. Brar, C. R. Bolognesi, E. J. Caine, A. Patlach, E. Hu, H.
Kroemer, and M. J. Rooks, Phys. Rev. B 53(19), 13063 (1996).

18H. T. Chou, S. L€uscher, D. Goldhaber-Gordon, M. J. Manfra, A. M. Sergent, K.
West, and R. J. Molnar, Appl. Phys. Lett. 86(7), 073108 (2005).

19L. I. Glazman and A. V. Khaetskii, Europhys. Lett. 9(3), 263 (1989).
20K. J. Thomas, J. T. Nicholls, M. Y. Simmons, M. Pepper, D. R. Mace, and D. A.
Ritchie, Phys. Rev. Lett. 77(1), 135 (1996).

21W. K. Hew, K. J. Thomas, M. Pepper, I. Farrer, D. Anderson, G. A. C. Jones,
and D. A. Ritchie, Phys. Rev. Lett. 102(5), 056804 (2009).

22S. Kumar, K. J. Thomas, L. W. Smith, M. Pepper, G. L. Creeth, I. Farrer, D.
Ritchie, G. Jones, and J. Griffiths, Phys. Rev. B 90(20), 201304 (2014).

23L. W. Smith, W. K. Hew, K. J. Thomas, M. Pepper, I. Farrer, D. Anderson, G.
A. C. Jones, and D. A. Ritchie, Phys. Rev. B 80(4), 041306 (2009).

24Y. Gul, S. N. Holmes, M. Myronov, S. Kumar, and M. Pepper, J. Phys.:
Condens. Matter 30(9), 09LT01 (2018).

25S. Kumar, M. Pepper, S. N. Holmes, H. Montagu, Y. Gul, D. A. Ritchie, and I.
Farrer, Phys. Rev. Lett. 122(8), 086803 (2019).

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 119, 110502 (2021); doi: 10.1063/5.0061921 119, 110502-10

VC Author(s) 2021

https://doi.org/10.1103/RevModPhys.54.437
https://doi.org/10.1098/rspa.1975.0131
https://doi.org/10.1098/rspa.1975.0131
https://doi.org/10.1088/0022-3719/14/14/001
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1016/0039-6028(78)90470-3
https://doi.org/10.1143/JPSJ.39.279
https://doi.org/10.1103/PhysRevB.25.2185
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1088/0022-3719/15/36/005
https://doi.org/10.1088/0022-3719/17/31/022
https://doi.org/10.1103/PhysRevLett.57.1769
https://doi.org/10.1103/PhysRevLett.56.1198
https://doi.org/10.1103/PhysRevLett.56.1198
https://doi.org/10.1088/0022-3719/21/8/002
https://doi.org/10.1103/PhysRevLett.60.848
https://doi.org/10.1103/PhysRevLett.97.026403
https://doi.org/10.1103/PhysRevLett.97.026403
https://doi.org/10.1103/PhysRevB.49.5101
https://doi.org/10.1103/PhysRevB.53.13063
https://doi.org/10.1063/1.1862339
https://doi.org/10.1209/0295-5075/9/3/013
https://doi.org/10.1103/PhysRevLett.77.135
https://doi.org/10.1103/PhysRevLett.102.056804
https://doi.org/10.1103/PhysRevB.90.201304
https://doi.org/10.1103/PhysRevB.80.041306
https://doi.org/10.1088/1361-648X/aaabab
https://doi.org/10.1088/1361-648X/aaabab
https://doi.org/10.1103/PhysRevLett.122.086803
https://scitation.org/journal/apl


26A. P. Micolich, J. Phys.: Condens. Matter 23(44), 443201 (2011).
27A. A. Starikov, I. I. Yakimenko, and K.-F. Berggren, Phys. Rev. B 67(23),
235319 (2003).

28K. Aryanpour and J. E. Han, Phys. Rev. Lett. 102(5), 056805 (2009).
29Y. Tokura and A. Khaetskii, Physica E 12(1–4), 711 (2002).
30D. H. Schimmel, B. Bruognolo, and J. von Delft, Phys. Rev. Lett. 119(19),
196401 (2017).

31A. Lassl, P. Schlagheck, and K. Richter, Phys. Rev. B 75(4), 045346 (2007).
32E. Lieb and D. Mattis, Phys. Rev. 125(1), 164 (1962).
33A. C. Graham, D. L. Sawkey, M. Pepper, M. Y. Simmons, and D. A. Ritchie,
Phys. Rev. B 75(3), 035331 (2007).

34K. J. Thomas, J. T. Nicholls, M. Pepper, W. R. Tribe, M. Y. Simmons, and D. A.
Ritchie, Phys. Rev. B 61(20), R13365 (2000).

35D. J. Reilly, G. R. Facer, A. S. Dzurak, B. E. Kane, R. G. Clark, P. Stiles, A. R.
Hamilton, J. L. O’Brien, N. E. Lumpkin, and L. N. Pfeiffer, Phys. Rev. B 63(12),
121311 (2001).

36N. J. Appleyard, J. T. Nicholls, M. Pepper, W. R. Tribe, M. Y. Simmons, and D.
A. Ritchie, Phys. Rev. B 62(24), R16275 (2000).

37O. Chiatti, J. T. Nicholls, Y. Y. Proskuryakov, N. Lumpkin, I. Farrer, and D. A.
Ritchie, Phys. Rev. Lett. 97(5), 056601 (2006).

38L. W. Smith, A. R. Hamilton, K. J. Thomas, M. Pepper, I. Farrer, J. P. Griffiths,
G. A. C. Jones, and D. A. Ritchie, Phys. Rev. Lett. 107(12), 126801 (2011).

39P. Roche, J. S�egala, D. C. Glattli, J. T. Nicholls, M. Pepper, A. C. Graham, K. J.
Thomas, M. Y. Simmons, and D. A. Ritchie, Phys. Rev. Lett. 93(11), 116602
(2004).

40A. C. Graham, K. J. Thomas, M. Pepper, N. R. Cooper, M. Y. Simmons, and D.
A. Ritchie, Phys. Rev. Lett. 91(13), 136404 (2003).

41L. Weidinger, C. Schmauder, D. H. Schimmel, and J. von Delft, Phys. Rev. B
98(11), 115112 (2018).

42T. Rejec and Y. Meir, Nature 442(7105), 900 (2006).
43S. M. Cronenwett, H. J. Lynch, D. Goldhaber-Gordon, L. P. Kouwenhoven, C.
M. Marcus, K. Hirose, N. S. Wingreen, and V. Umansky, Phys. Rev. Lett.
88(22), 226805 (2002).

44J. E. F. Frost, I. M. Castleton, C.-T. Liang, M. Pepper, D. A. Ritchie, E. H.
Linfield, C. J. B. Ford, C. G. Smith, and G. A. C. Jones, Phys. Rev. B 49(19),
14078 (1994).

45F. Sfigakis, C. J. B. Ford, M. Pepper, M. Kataoka, D. A. Ritchie, and M. Y.
Simmons, Phys. Rev. Lett. 100(2), 026807 (2008).

46A. Iagallo, N. Paradiso, S. Roddaro, C. Reichl, W. Wegscheider, G. Biasiol, L.
Sorba, F. Beltram, and S. Heun, Nano Res. 8(3), 948 (2015).

47L. W. Smith, K. J. Thomas, M. Pepper, D. A. Ritchie, I. Farrer, J. P. Griffiths,
and G. A. C. Jones, J. Phys.: Conf. Ser 376, 012018 (2012).

48H. Zhang, P. M. Wu, and A. M. Chang, Phys. Rev. B 88(7), 075311 (2013).
49L. P. Rokhinson, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 96, 156602
(2006).

50F. Bauer, J. Heyder, E. Schubert, D. Borowsky, D. Taubert, B. Bruognolo, D.
Schuh, W. Wegscheider, J. von Delft, and S. Ludwig, Nature 501(7465), 73
(2013).

51J. Heyder, F. Bauer, E. Schubert, D. Borowsky, D. Schuh, W. Wegscheider, J.
von Delft, and S. Ludwig, Phys. Rev. B 92(19), 195401 (2015).

52R. E. Borland, Proc. R. Soc. London, Ser. A 274, 529 (1963).
53N. F. Mott, Adv. Phys. 16(61), 49 (1967).
54Y. Jompol, C. J. B. Ford, J. P. Griffiths, I. Farrer, G. A. C. Jones, D. Anderson,
D. A. Ritchie, T. W. Silk, and A. J. Schofield, Science 325(5940), 597 (2009).

55O. Tsyplyatyev, A. J. Schofield, Y. Jin, M. Moreno, W. Tan, C. J. B. Ford, J. P.
Griffiths, I. Farrer, G. A. C. Jones, and D. A. Ritchie, Phys. Rev. Lett. 114(19),
196401 (2015).

56Y. Oreg and A. M. Finkel’stein, Phys. Rev. B 54(20), R14265 (1996).
57G. A. Fiete, Rev. Mod. Phys. 79(3), 801 (2007).
58W. K. Hew, K. J. Thomas, M. Pepper, I. Farrer, D. Anderson, G. A. C. Jones,
and D. A. Ritchie, Phys. Rev. Lett. 101(3), 036801 (2008).

59T.-M. Chen, A. C. Graham, M. Pepper, F. Sfigakis, I. Farrer, and D. A. Ritchie,
Phys. Rev. B 79(8), 081301 (2009).

60C. Yan, S. Kumar, K. J. Thomas, P. See, I. Farrer, D. A. Ritchie, J. A. C. Griffiths,
G. Jones, and M. Pepper, J. Phys.: Condens. Matter 30(8), 08LT01 (2018).

61C.-K. Wang and K.-F. Berggren, Phys. Rev. B 54(20), R14257 (1996).
62K.-F. Berggren and I. I. Yakimenko, Phys. Rev. B 66(8), 085323 (2002).
63N. K. Patel, J. T. Nicholls, L. Martn-Moreno, M. Pepper, J. E. F. Frost, D. A.
Ritchie, and G. A. C. Jones, Phys. Rev. B 44(24), 13549 (1991).

64N. K. Patel, L. Martin-Moreno, M. Pepper, R. Newbury, J. E. F. Frost, D. A.
Ritchie, G. A. C. Jones, J. T. M. B. Janssen, J. Singleton, and J. A. A. J.
Perenboom, J. Phys.: Condens. Matter 2(34), 7247 (1990).

65T.-M. Chen, A. C. Graham, M. Pepper, I. Farrer, and D. A. Ritchie, Appl. Phys.
Lett. 93(3), 032102 (2008).

66T.-M. Chen, M. Pepper, I. Farrer, G. A. C. Jones, and D. A. Ritchie, Phys. Rev.
Lett. 109(17), 177202 (2012).

67J. S. Meyer and K. Matveev, J. Phys.: Condens. Matter 21(2), 023203 (2009).
68E. Welander, I. I. Yakimenko, and K.-F. Berggren, Phys. Rev. B 82(7), 073307
(2010).

69E. Cornfeld and E. Sela, Phys. Rev. B 92(11), 115446 (2015).
70M. Atala, M. Aidelsburger, M. Lohse, J. T. Barreiro, B. Paredes, and I. Bloch,
Nat. Phys. 10(8), 588 (2014).

71J. S. Meyer, K. A. Matveev, and A. I. Larkin, Phys. Rev. Lett. 98(12), 126404
(2007).

72A. D. Klironomos, J. S. Meyer, T. Hikihara, and K. A. Matveev, Phys. Rev. B
76(7), 075302 (2007).

73G. Piacente, I. V. Schweigert, J. J. Betouras, and F. M. Peeters, Phys. Rev. B
69(4), 045324 (2004).

74G. Piacente, G. Q. Hai, and F. M. Peeters, Phys. Rev. B 81(2), 024108 (2010).
75S. Kumar, M. Pepper, H. Montagu, D. Ritchie, I. Farrer, J. Griffiths, and G.
Jones, Appl. Phys. Lett. 118(12), 124002 (2021).

76H. Van Houten, C. W. J. Beenakker, J. G. Williamson, M. E. I. Broekaart, P. H.
M. Van Loosdrecht, B. J. Van Wees, J. E. Mooij, C. T. Foxon, and J. J. Harris,
Phys. Rev. B 39(12), 8556 (1989).

77S.-C. Ho, H.-J. Chang, C.-H. Chang, S.-T. Lo, G. Creeth, S. Kumar, I. Farrer, D.
Ritchie, J. Griffiths, and G. Jones, Phys. Rev. Lett. 121(10), 106801 (2018).

78A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su, Rev. Mod. Phys. 60(3),
781 (1988).

79W. Li, D. N. Sheng, C. S. Ting, and Y. Chen, Phys. Rev. B 90(8), 081102
(2014).

80D. J. Thouless, M. Kohmoto, M. P. Nightingale, and M. den Nijs, Phys. Rev.
Lett. 49(6), 405 (1982).

81F. D. M. Haldane, Phys. Rev. Lett. 61(18), 2015 (1988).
82E. J. Bergholtz and Z. Liu, Int. J. Mod. Phys. B 27(24), 1330017 (2013).
83M. Zhang, H.-h. Hung, C. Zhang, and C. Wu, Phys. Rev. A 83(2), 023615
(2011).

84E. Tang, J.-W. Mei, and X.-G. Wen, Phys. Rev. Lett. 106(23), 236802
(2011).

85T. Neupert, L. Santos, C. Chamon, and C. Mudry, Phys. Rev. Lett. 106(23),
236804 (2011).

86D. N. Sheng, Z.-C. Gu, K. Sun, and L. Sheng, Nat. Commun. 2(1), 389 (2011).
87R. Roy and S. L. Sondhi, Physics 4, 46 (2011).
88K. Sun, Z. Gu, H. Katsura, and S. D. Sarma, Phys. Rev. Lett. 106(23), 236803
(2011).

89W. Zhu, S. S. Gong, and D. N. Sheng, Phys. Rev. B 94(3), 035129 (2016).
90S. Kivelson, C. Kallin, D. P. Arovas, and J. R. Schrieffer, Phys. Rev. B 36(3),
1620 (1987).

91D. J. Thouless and Q. Li, Phys. Rev. B 36(8), 4581 (1987).
92D. J. Thouless, Proc. Phys. Soc. 86(5), 893 (1965).
93M. Mancini, G. Pagano, G. Cappellini, L. Livi, M. Rider, J. Catani, C. Sias, P.
Zoller, M. Inguscio, and M. Dalmonte, Science 349(6255), 1510 (2015).

94S. Kumar, M. Pepper, D. A. Ritchie, I. Farrer, and H. Montagu, Appl. Phys.
Lett. 115(12), 123104 (2019).

95G. Shavit and Y. Oreg, Phys. Rev. Lett. 123(3), 036803 (2019).
96G. Moore and N. Read, Nuclear Physics B 360, 362 (1991).
97Y. Kim, A. C. Balram, T. Taniguchi, K. Watanabe, J. K. Jain, and J. H. Smet,
Nat. Phys. 15(2), 154 (2019).

98E. B. Kolomeisky and J. P. Straley, Phys. Rev. Lett. 74(24), 4891 (1995).
99M. Pepper, T. J. Thornton, and D. A. Wharam, J. Phys.: Condens. Matter
28(42), 421003 (2016).

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 119, 110502 (2021); doi: 10.1063/5.0061921 119, 110502-11

VC Author(s) 2021

https://doi.org/10.1088/0953-8984/23/44/443201
https://doi.org/10.1103/PhysRevB.67.235319
https://doi.org/10.1103/PhysRevLett.102.056805
https://doi.org/10.1016/S1386-9477(01)00386-1
https://doi.org/10.1103/PhysRevLett.119.196401
https://doi.org/10.1103/PhysRevB.75.045346
https://doi.org/10.1103/PhysRev.125.164
https://doi.org/10.1103/PhysRevB.75.035331
https://doi.org/10.1103/PhysRevB.61.R13365
https://doi.org/10.1103/PhysRevB.63.121311
https://doi.org/10.1103/PhysRevB.62.R16275
https://doi.org/10.1103/PhysRevLett.97.056601
https://doi.org/10.1103/PhysRevLett.107.126801
https://doi.org/10.1103/PhysRevLett.93.116602
https://doi.org/10.1103/PhysRevLett.91.136404
https://doi.org/10.1103/PhysRevB.98.115112
https://doi.org/10.1038/nature05054
https://doi.org/10.1103/PhysRevLett.88.226805
https://doi.org/10.1103/PhysRevB.49.14078
https://doi.org/10.1103/PhysRevLett.100.026807
https://doi.org/10.1007/s12274-014-0576-y
https://doi.org/10.1088/1742-6596/376/1/012018
https://doi.org/10.1103/PhysRevB.88.075311
https://doi.org/10.1103/PhysRevLett.96.156602
https://doi.org/10.1038/nature12421
https://doi.org/10.1103/PhysRevB.92.195401
https://doi.org/10.1098/rspa.1963.0148
https://doi.org/10.1080/00018736700101265
https://doi.org/10.1126/science.1171769
https://doi.org/10.1103/PhysRevLett.114.196401
https://doi.org/10.1103/PhysRevB.54.R14265
https://doi.org/10.1103/RevModPhys.79.801
https://doi.org/10.1103/PhysRevLett.101.036801
https://doi.org/10.1103/PhysRevB.79.081301
https://doi.org/10.1088/1361-648X/aaa7ce
https://doi.org/10.1103/PhysRevB.54.R14257
https://doi.org/10.1103/PhysRevB.66.085323
https://doi.org/10.1103/PhysRevB.44.13549
https://doi.org/10.1088/0953-8984/2/34/018
https://doi.org/10.1063/1.2963478
https://doi.org/10.1063/1.2963478
https://doi.org/10.1103/PhysRevLett.109.177202
https://doi.org/10.1103/PhysRevLett.109.177202
https://doi.org/10.1088/0953-8984/21/2/023203
https://doi.org/10.1103/PhysRevB.82.073307
https://doi.org/10.1103/PhysRevB.92.115446
https://doi.org/10.1038/nphys2998
https://doi.org/10.1103/PhysRevLett.98.126404
https://doi.org/10.1103/PhysRevB.76.075302
https://doi.org/10.1103/PhysRevB.69.045324
https://doi.org/10.1103/PhysRevB.81.024108
https://doi.org/10.1063/5.0045702
https://doi.org/10.1103/PhysRevB.39.8556
https://doi.org/10.1103/PhysRevLett.121.106801
https://doi.org/10.1103/RevModPhys.60.781
https://doi.org/10.1103/PhysRevB.90.081102
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1142/S021797921330017X
https://doi.org/10.1103/PhysRevA.83.023615
https://doi.org/10.1103/PhysRevLett.106.236802
https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1038/ncomms1380
https://doi.org/10.1103/Physics.4.46
https://doi.org/10.1103/PhysRevLett.106.236803
https://doi.org/10.1103/PhysRevB.94.035129
https://doi.org/10.1103/PhysRevB.36.1620
https://doi.org/10.1103/PhysRevB.36.4581
https://doi.org/10.1088/0370-1328/86/5/301
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1063/1.5121147
https://doi.org/10.1063/1.5121147
https://doi.org/10.1103/PhysRevLett.123.036803
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1038/s41567-018-0355-x
https://doi.org/10.1103/PhysRevLett.74.4891
https://doi.org/10.1088/0953-8984/28/42/421003
https://scitation.org/journal/apl

	f1
	f2
	f3
	f4
	f5
	f6
	f7
	f8
	f9
	f10
	f11
	f12
	f13
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99

