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VIEWPOINT

Kondo Physics in a Quantum Channel

Using a scanning gate microscope, researchers have shown that electron waves scattered
from a quantum point contact carry the imprint of interactions with localized electron spins.

by Ramén Aguado*

basic building block of nanoelectronic devices is a

quantum point contact (QPC), a narrow, flat chan-

nel whose width is comparable to the wavelength

of an electron. Unlike a classical wire, in which
the conductance varies continuously with the wire’s width, a
QPC’s conductance only changes in quantized steps of 2¢? /1
(e is the electron charge, h is Planck’s constant) [1]. These
steps (Fig. 1) have been observed in QPCs made from a va-
riety of materials, and they are a hallmark of mesoscopic
physics. But almost universally, they exhibit what looks like
a blip: an additional small shoulder-like suppression in con-
ductance at around (0.7)2¢?/h [2], which disappears as the
QPC is cooled to absolute zero. The origin of this so-called
0.7 anomaly has been debated for twenty years [3]. Now,
Hermann Sellier of the University of Grenoble Alpes, France,
and colleagues provide the most direct experimental evi-
dence to date that the anomaly is associated with the Kondo
effect, a many-body interaction between itinerant electrons
and localized electron spins [4]. Understanding such inter-
actions may be relevant for the design of QPC-based devices
in which spins store quantum information.

QPCs are usually created electrostatically by applying a
negative voltage to two closely spaced metallic pads (gates)
that rest on top of a 2D electron gas. The voltage depletes
electrons immediately beneath the gates, leaving only a nar-
row channel of electrons—the QPC—between the gates. The
2D electron gases on either end of the QPC act as reservoirs
of charge, and the width of the QPC can be controlled with
the voltage on the gates.

Quantized conductance occurs only in a clean QPC, that
is, one in which electrons travel a relatively long distance
before scattering (ballistic transport). The size of each con-
ductance step (2¢2/h) can be determined from a straightfor-
ward quantum-mechanical calculation of the transmission
of noninteracting quantum waves across a barrier; the fac-
tor of 2 comes from the twofold degeneracy associated with
electron spin. However, using this simple picture of nonin-
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Figure 1: (Left) The conductance through a quantum point contact
(QPC) is quantized and only increases in units of 2¢2 /1 as the
width of the contact is increased. (The vertical axis is conductance
in units of 2¢2 /k; the horizontal axis is a gate voltage, whose value
determines the width of the wire.) However, a suppression, or
shoulder, in the conductance occurs around 0.7(2e2/h), which
disappears as the QPC is cooled to absolute zero (right). The
origin of this 0.7 anomaly cannot be explained in a picture in which
electrons in the QPC are noninteracting. (Redrawn from B. Brun et
al. [4].)

teracting electrons, researchers have been unable to explain
the 0.7 anomaly, which is seen in QPCs made from gallium
arsenide, silicon, and graphene. This suggests the anomaly
may involve electron interactions.

A clue to the origin of the 0.7 anomaly is its temperature
dependence. Specifically, as a QPC is cooled, the suppres-
sion in conductance at the 0.7 shoulder goes away (Fig. 1,
right). Similar behavior is observed in the conductance
of electrons tunneling through quantum dots, which are
nanometer-sized semiconductor islands connected to metal-
lic leads. Because a quantum dot is small, its capacitance is
small, and there is a large charging-energy cost for a single
electron to tunnel onto the dot. This leads to an effect known
as Coulomb blockade, in which the number of electrons on
the dot is fixed and conductance through the dot is sup-
pressed for a large range of voltages. However, when the dot
possesses an odd number of electrons—a net spin—electrons
in the leads collectively act to screen the spin. This Kondo in-
teraction counteracts Coulomb blockade and enhances the
conductance in the dot. Significantly, this enhancement
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grows with decreasing temperature, like the temperature
dependence of the 0.7 shoulder in QPCs. Accordingly, re-
searchers have connected the suppressed conductance in a
QPC at the 0.7 shoulder with Coulomb blockade. Here, the
idea is that when an electron is in the QPC, it reduces the
probability that another electron with opposite spin can also
be transmitted, so the conductance drops below 2¢?/h. A
similar connection has been drawn between the disappear-
ance of the suppression in conductance at the 0.7 shoulder in
a QPC and Kondo physics in a quantum dot.

The similarities between quantum dots and QPCs were
first reported in 2002 [5], and both the dependence of
the conductance (near the 0.7 step) on magnetic field and
the bias voltage along the QPC are consistent with Kondo
physics. Despite these parallels, this explanation for the QPC
anomaly is not full proof. The reason is that the Kondo in-
teraction is normally associated with electron spins that are
localized in space, like those on a quantum dot. However,
the electron wave functions (and their associated spins) on
a QPC are delocalized. And while theorists have suggested
that quasibound (localized) electron spin states can develop
in a QPC [6], there is no consensus—even after extremely
careful experiments with state-of-the-art devices—that such
states exist. For example, some experiments support the idea
that the anomaly comes from interaction-induced changes in
the 1D density of electron states in the QPC [7], instead of
Kondo physics [8]. Determining whether the 0.7 anomaly is
a signature of quasibound spins in the QPC requires an ex-
periment that is sensitive to the electrons at a microscopic
level.

Sellier and colleagues have accessed this microscopic view
by probing the electrons near a QPC with a scanning gate
microscope. This tool consists of an atomically sharp tip that
can both detect the electron density at a specific point in a de-
vice and apply a voltage to that point. In their experiments,
the researchers placed the tip over the 2D electron gas on one
side of the QPC (Fig. 2) and applied a negative voltage to
the tip. This voltage depleted electrons in the region just be-
neath the tip, creating a local electrostatic potential (a tunnel
barrier) that reflected some of the electron waves propagat-
ing out of the QPC back to the QPC, where a fraction of the
waves were again reflected. In effect, the tip and the QPC
acted as reflective “mirrors” for the electron waves, creating
wave interference like that seen in a Fabry-Pérot interferom-
eter.

By scanning the tip over the 2D gas outside the QPC, Sel-
lier and colleagues could map out an interference pattern
(Fig. 2). Crucially, this pattern depends on the phase change
of the electron wave when it reflects from the QPC. The re-
searchers found that this phase shift is 77, and it occurs via
two discrete phase jumps. Such a phase shift agrees with
theoretical predictions for a Kondo interaction [9] but is in
strong contrast to the continuous phase shift predicted for
noninteracting electrons. The authors also confirmed that

Figure 2: Sellier and colleagues used the tip of a scanning gate
microscope to analyze the interference between electron waves
that were reflected from the tip and from a QPC (the channel
between the elevated regions) within a 2D electron gas. The
interference pattern (orange ripples) they measured by scanning
the tip over the 2D electron gas is consistent with a Kondo
interaction between electrons and localized spins (red arrow) in
the QPC. (H. Sellier/University of Grenoble Alpes)

the conductance through the wire near the 0.7 step had the
temperature, gate-voltage, and bias-voltage dependence ex-
pected for a Kondo interaction.

This clear proof provided by Sellier and colleagues that
quasibound spins and the associated Kondo effect are the
culprits of the 0.7 anomaly is relevant for many nano-
electronic devices. QPCs can, for instance, be used to
convert the spin on a semiconductor quantum dot to a
charge signal—a process that allows information to be read
from spin-based qubits. Furthermore, researchers have
recently observed features in the conductance of hybrid
semiconducting-superconducting nanowire devices that are
thought to be signatures of Majorana modes—quasiparticles
that are their own antiparticle and are of interest for fault-
tolerant quantum computing. To see these features, the
nanowires have to be operated near the onset of the first con-
ductance step at 2¢%/h, under conditions similar to those in
which Sellier and colleagues have observed the Kondo ef-
fect. As such, the possibility that the conductance features
in some experiments come from the Kondo interaction, and
not Majorana modes, cannot be completely ruled out [10].

This research is published in Physical Review Letters.
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