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Heavy-electron metals, with an effective mass of itinerant
charge carriers approaching 1000 times the mass of a free
electron, exemplify the consequences of strong electronic
correlations. One important consequence is the emergence of
unconventional Cooper pairing of heavy electrons as these
materials are tuned to a magnetic quantum-critical state.
The continued study of heavy-electron metals provides an op-
portunity to develop an appropriate theory of magnetic quan-
tum criticality in correlated metals and of how associated
fluctuations induce Cooper pairing.

When a dilute number of magnetic ions is incorporated in-
to a metallic host, the antiferromagnetic interaction of the
magnetic ion’s localized spin with the spin of the host’s con-
duction electrons can produce a resonance in the electronic
density of states. In the limit of a single magnetic ion, this
many-body problem, the Kondo-impurity problem, has been
solved exactly by renormalization group!” and Bethe ansatz?
techniques. A consequence of the resonance is a huge elec-
tronic contribution to the specific heat, giving a Sommerfeld
coefficient of specific heat « per mole of localized spins that
scales inversely with the Kondo temperature. That is, yoc 1/
Tk, where Tk~ Epexp[—1/2.JN0)], with £y the Fermi en-
ergy, J the exchange between localized and itinerant spins
and N(0) the unrenormalized density of states of the con-
duction band. At temperatures 7' < 7%, the spins of con-
duction electrons collectively compensate the localized spin,
creating a net spin-singlet Fermi liquid and, from free elec-

tron relationships, the associated huge Sommerfeld co-
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efficient implies a correspondingly huge effective mass of itin-
erant quasiparticles.

The discovery of a very large v per mole Ce in CeAls, with
a periodic array of ~ 10% localized Ce 4f-electron spins, soli-
cited an analogy to the Kondo-impurity problem. But, a di-
rect analogy was recognized as inappropriate because scat-
tering by a Kondo impurity produces a large residual re-
sistivity/impurity. Though the resistivity of CeAl; does in-
crease with decreasing temperature, like a collection of
non-interacting Kondo impurities, it passes over a maximum
near 30 K and drops to a very small value in the limit that
temperature approached zero.” CeAl; and subsequently dis-
covered Ce-, Yb- and U-based metallic compounds with
properties like those of CeAl; are called heavy-electron (or
more generally, heavy-fermion) materials because the effec-
tive mass of their itinerant charge carriers approaches 1000
times the mass of a free electron.”” Unlike the impurity limit,
lattice periodicity of localized or nearly localized spins in
heavy-fermion materials has two important consequences: one
is that periodicity requires a band description of the heavy
quasiparticles at very low temperature, and the other is that
these spins couple through the indirect Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction that depends on J2N(0).
A microscopic theory of how a dense lattice of non-interact-
ing Kondo impurities’ at room temperature evolves with de-
creasing temperature to become a band of itinerant heavy
quasiparticles remains an extremely challenging problem for
many-body physics. Recent advances in Dynamical Mean Field
Theory techniques have begun to capture aspects of the
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Fig. 1. Schematic illustration of the competition between Kondo (Tk)
and RKKY (Trey) interactions, considered originally by S. Doniach.®
This competition leads to a non-monotonic variation of the Néel tem-
perature (Ty) as a function of some non-thermal tuning parameter, such
as pressure (P), chemical composition (x) or magnetic field (H). These
tuning parameters tend to change the magnetic exchange J upon which
both Tk and Trekv depend. At a critical value of the tuning parameter,
the Neéel boundary reaches zero temperature, a magnetic quantum crit-
ical point (QCP). An expanded view around the QCP shows a dome of
superconductivity (SC) and the emergence of a Landau Fermi-liquid (FL)
state. Normal state properties of materials around the QCP are distinctly
different from expectations of a Landau Fermi-liquid.
physics.” Extending these techniques to clusters and to low-
er temperatures holds promise for future progress in this area.

Because of the RKKY interaction, several of these materi-
als order magnetically before the heavy-fermion state fully
develops, but the balance between the competing tendencies
to order magnetically (the RKKY interaction) and to form a
non-magnetic state (through the Kondo effect) can be tuned
easily by chemistry or pressure (See Fig. 1). Chemistry can
change the electronic density of states V(0) and spatial sep-
aration of the localized spins, upon which the magnitude
and sign of J depend. Though very useful, chemistry has
the drawback that it introduces undesirable crystalline dis-
order, in contrast to hydrostatic pressure which is a ‘clean’
variable that does not add disorder. The relatively weak ex-
change interaction in these systems is a strong function of
volume, and because both the RKKY and Kondo interaction
depend on J, but with different functional forms, modest
pressures often are sufficient to change the ground state
dramatically. Indeed, a number of experiments have shown
that pressures of order one to a few GPa drive the electronic
system from a magnetically ordered to a heavy-fermion par-
amagnetic ground state. Celns is a typical example. It or-
ders antiferromagnetically at 10 K under atmospheric pres-
sure, and a pressure of 2.5 GPa tunes its Néel temperature

to zero, that is, to a magnetic quantum-critical point.

What was most surprising in these experiments on Celng
was that as its 7=0 magnetic/non-magnetic boundary was
approached, a narrow dome of superconductivity emerged
that was centered on the critical pressure.”’ This discovery
led to the suggestion that magnetic fluctuations might pro-
vide an attractive interaction that pairs superconducting
electrons. Even before this discovery, there was a precedent
for this suggestion from earlier studies of the ambient-pressure
heavy-fermion superconductors CeCu,Sis, UPt; and UBey3.
In each of these cases, Cooper pairing of heavy quasiparticles
developed out of a strongly paramagnetic normal state, which
is antithetical to conventional, phonon-mediated s-wave su-
perconductivity, and slight changes in chemistry induced
magnetic order in them. Experimental and theoretical studies
of these and subsequently discovered ambient-pressure
heavy-fermion superconductors have found compelling evi-
dence that the symmetry of Cooper pairs breaks lattice sym-
metry, a hallmark of unconventional superconductivity.”
Though it seems very likely, there still is no proof that mag-
netic fluctuations mediate Cooper pairing, and this is an im-
portant task for experiment. Solving this problem in
heavy-fermion superconductors will provide a foundation for
understanding the role that magnetism also may play in pro-
ducing superconductivity in other correlated electron sys-
tems, such as the cuprates and iron-pnictides."” A micro-
scopic theory of magnetically mediated superconductivity is
lacking but would be valuable benchmark for experiment.

An important question raised by these discoveries is the
relationship between magnetic and superconducting electrons.
In conventional superconductors, magnetic electrons break
time-reversal symmetry of Cooper pairs: consequently, mag-
netic and superconducting electrons should be distinct. The
study of heavy-fermion systems in which unconventional su-
perconductivity and magnetism appear in the same material
have established that magnetism and superconductivity co-

exist microscopically in real space and that both orders in-
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volve the same electrons."! One interpretation of these ob-
servations is that both orders arise from an instability of the
Fermi surface, i.e., compete in momentum space; however,
an alternative interesting possibility is that the f-electron
adopts a dual role, simultaneously having itinerant and lo-
calized characters. How these interpretations might be re-
lated and whether a single interpretation might be applicable
to all cases are open questions.

In the limit of zero temperature, the normal state of some
heavy-fermion systems, eg., CeAl; and UPts, have character-
istics of a Landau Fermi liquid - a constant Sommerfeld co-
efficient, a uniform magnetic susceptibility x related to v by
the Wilson ratio, and a resistivity p that increases as 7°-
with the notable property that all are enhanced by a factor pro-
portional to the effective mass of heavy quasiparticles. There
are, however, a growing number of examples, including al-
most all heavy-fermion superconductors, that exhibit prop-
erties distinctly different from expectations of a Landau
Fermi liquid."” In some cases, these non-Fermi liquid prop-
erties appear to result from disorder and can be described
approximately in terms of Griffiths phase concepts or as a
result of a distribution of Kondo temperatures. On the other
hand, non-Fermi liquid properties in nearly disorder-free
materials require a different interpretation.™!

Excitations from a magnetic quantum-critical point are
known to induce strongly non-Fermi-liquid properties, and
indeed, these ‘clean’ materials are at or close to a zero-tem-
perature magnetic/non-magnetic boundary. If the nearby
magnetic order is of a spin-density wave type, a quantum
generalization of the theory of critical fluctuations at a clas-
sical phase transition accounts for some properties of some
non-Fermi liquid materials. The lack of complete agreement
between this theory and experimental results on several ma-
terials has motivated new proposals for quantum criticality,
such as a breakdown of the Kondo effect, fractionalization
of heavy quasiparticles into a chargeless spin object and a
spinless fermion, as well as other ideas.™ Presently, there
is no consensus for a theory of quantum criticality in
heavy-fermion systems. This is a significant issue because
there is growing evidence that critical fluctuations emerging
from a quantum-critical point may be important for
superconductivity.'* Irrespective of this problem, heavy-fer-

mion materials are ideal candidates for studying quan-
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Fig. 2. Artist’s suggestion of the connection between the physics of a
black hole and the physics of magnetic quantum criticality in heavy-fer-
mion materials.

tum-critical phenomena, which are found in ever increasing
classes of materials. A fascinating twist to this problem has
been the recent realization that quantum criticality in
heavy-fermions may be cast in the mathematical framework
of dynamics near the horizon of a black hole, Fig. 2.9 If
this idea withstands future tests, it opens the possibility of
exploring the physics of the cosmos through bench-top ex-
periments on quantum critical heavy-fermion materials.
Heavy fermions have proven to be fertile ground from which
new concepts and new challenges have grown. As prototypes
of strongly correlated electron physics and of new states of
matter that can emerge from electronic correlations, these
systems define an exciting frontier in condensed matter phys-

ics that is certain to continue to inform and surprise us.
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