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Ezperiments with heavy-fermion materials show that quasiparticles exist at the critical point of a

quantum phase transition.
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We can turn water into a chaotic cloud of steam or
a perfectly ordered cube of ice simply by varying tem-
perature or pressure. These “classical” phase transi-
tions are governed by thermal fluctuations, which af-
fect the entropy and total energy of a system. Phase
transitions can, however, also occur at zero tempera-
ture where thermal fluctuations are nonexistent. Here,
the only available fluctuations are quantum fluctuations,
and the unstable boundary between two phases is known
as a quantum critical point (QCP). QCPs are of inter-
est because they can be associated with certain unusual
forms of superconductivity. But it is unclear whether we
can describe QCPs using Fermi-liquid theory, the frame-
work that works so well for predicting the properties of
most metals and semiconductors. Indeed, experiments
have shown that Fermi-liquid theory breaks down tens
of kelvins or more above a QCP (Fig. 1). But as two
research groups now show with low-temperature experi-
ments, the theory regains its footing at the QCP [1, 2].
The results thus provide new constraints for physicists as
they develop a theoretical description for materials near
a quantum phase transition.

The study of quantum phase transitions took off in
1975, with the discovery of heavy-fermion compounds
[3]. These materials are usually formed from actinide
or rare-earth elements. Their electrons interact strongly
with each other and therefore behave as if they have an
enormous effective mass, hundreds or even a thousand
times greater than the mass of a free electron. These elec-
trons with a renormalized mass are often called quasipar-
ticles, and Fermi-liquid theory rests on the assumption
that they exist.

Most heavy fermion materials possess an antiferromag-
netic phase below a certain temperature (T ), which can
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FIG. 1: A phase diagram for a material with a phase transi-
tion at zero temperature. The unstable point between these
two phases, the quantum critical point (QCP), is indicated
here by the dark blue point. Experiments have shown that
Fermi-liquid theory (FL), the standard framework for describ-
ing interacting electrons in a material, does not describe the
properties of materials near a QCP (purple region). But
Taupin et al. and Sutherland et al. have made the surpris-
ing finding that Fermi-liquid theory is valid at the QCP .
(APS/Alan Stonebraker)

persist at absolute zero if a control parameter, such as
pressure or magnetic field, is applied. What physicists
find so intriguing about these materials is that they have
a magnetic QCP, close to which quantum fluctuations
prevent long-range antiferromagnetic order, and novel
phases such as superconductivity become energetically
favorable [5].

Among the models that have been proposed to de-
scribe this instability, one stands apart called the “local
quantum critical scenario” [6]. Within this model, quan-
tum fluctuations at the QCP are so strong that it is no
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longer possible to describe particles with a renormalized
mass—they are just too heavy—and the whole concept
of quasiparticle, and hence Fermi-liquid theory, breaks
down.

One of the best tests of whether quasiparticles exist
is to verify the Wiedemann-Franz law. This pillar of
Fermi-liquid theory stipulates that, in the limit of zero
temperature, the ratio of the electronic part of the ther-
mal conductivity (k) to the electrical conductivity (o) is
a universal constant, Lg. One of the key assumptions of
this law, however, is that heat and charge are transported
by the same particle (or quasiparticle). Observing a devi-
ation from the Wiedemann-Franz ratio at zero tempera-
ture in a material would therefore imply that a material’s
physics cannot be described within the quasiparticle pic-
ture.

In the past several years, three independent groups
have tested the Wiedemann-Franz law in the heavy
fermion material YbRhaSis near its QCP. (In YbRhoSio
the QCP separates an antiferromagnetic phase from a
paramagnetic phase; the phase transition can be driven
by applying an external magnetic field.) But the teams
have drawn contradictory conclusions. One group claims
the Wiedemann-Franz law is violated [7], whereas the
other two groups (including one that I am a former mem-
ber of) find the law describes measurements well [8, 9].
The origin of this disagreement lies in how the three
groups account for the appearance at low temperatures
of excitations called magnons. These excitations only
contribute to the thermal conductivity, and their con-
tribution must be precisely known in order to test the
Wiedemann-Franz law at the QCP. To settle this debate,
one needs to know the exact magnon contribution to the
thermal conductivity or test the Wiedemann-Franz law
at much lower temperatures, where the magnon contri-
bution becomes negligible.

Mathieu Taupin from the Université Grenoble Alpes in
France and colleagues take the latter approach [1]. Fo-
cusing on the same material, YbRhoSiz, they measure
both heat and charge transport down to 10 millikelvin
(mK) in the antiferromagnetic phase, at the QCP, and
in the paramagnetic phase. Measuring heat propaga-
tion through a crystal a few milikelvin above absolute
zero is an experimental tour de force: they have to ap-
ply enough heat to cause a temperature gradient, but
not so much that the sample’s average temperature in-
creases significantly. The authors show the magnon con-
tribution appears below 30 mK and persists beyond the
QCP. Then, by focusing only on the electronic part of
the thermal conductivity, the authors show that the ra-
tio of L(T)/Loconverges, with decreasing temperature,
to 97% not only at the QCP but also in the magnetic
phases on either side of the QCP. Their measurements
make a strong case that the Wiedemann-Franz law ap-
plies near the quantum critical point of YbRhoSis. But
the authors acknowledge that only further measurements
below 10 mK, where the magnon contribution is negligi-
ble, could really settle this debate.

Michael Sutherland from the University of Cambridge
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and colleagues report a similar measurement, but on the
heavy fermion material 8-YbAIBy4 [2]. Studying this ma-
terial has the advantage that its quasiparticles become
heavy at a relatively high temperature. In fact, the
relevant temperature scale, called the Kondo tempera-
ture, T, is eight times greater than it is for YbRhaSis.
In this case, unlike YbRhgSis, the authors’ measure-
ments deliver clear evidence that the Wiedemann-Franz
law is valid at the QCP. In fact, they are able to test
the Wiedemann-Franz law extremely close to the QCP
(T'/Tk = 0.00035), a limit never achieved before.

The conclusion of these studies and their implications
are truly significant: any theoretical framework that at-
tempts to describe these quantum phase transitions will
have to account for deviations of the Fermi-liquid theory
visible tens of kelvins above the QCP, and reinstate it
at zero temperature. CeColns is the one heavy fermion
compound known to violate the Wiedemann-Franz law
[10]. This is, however, based on measurements performed
as low as 50 mK, and we cannot exclude the possibility
that the Wiedemann-Franz law might again be valid at
lower temperature. Perhaps Taupin and his collabora-
tors could try to reproduce these measurements down to
10 mK.

This research is published in Physical Review Letters
and as a Rapid Communication in Physical Review B.
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