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Abstract

Over the past 35 years, research on unconventional superconductivity in heavy-fermion systems has evolved from the surprising
observations of unprecedented superconducting properties in compounds that convention dictated should not superconduct at all to
performing explorations of rich phase spaces in which the delicate interplay between competing ground states appears to support
emergent superconducting states. In this article, we review the current understanding of superconductivity in heavy-fermion com-
pounds and identify a set of characteristics that is common to their unconventional superconducting states. These core properties are
compared with those of other classes of unconventional superconductors such as the cuprates and iron-based superconductors. We
conclude by speculating on the prospects for future research in this field and how new advances might contribute towards resolving
the long-standing mystery of how unconventional superconductivity works.

Keywords:

unconventional superconductivity, heavy-fermion behavior, quantum critical point, non-Fermi liquid behavior, magnetic
fluctuations, Kondo lattice

1. Introduction

In the two decades prior to the 1979 discovery of unconven-
tional superconductivity in CeCu2Si2 [1], the properties of su-
perconductors were typically studied within the context of the
Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity
[2, 3, 4]. The BCS theory describes pairing between conduc-
tion electrons as being mediated by phonons so that the char-
acteristic Debye temperature, ΘD, plays an important role as
an energy scale. However, the unexpected discovery of su-
perconductivity in CeCu2Si2 turned this paradigm on its head.
The superconducting Cooper pairs in CeCu2Si2 are not formed
from ordinary conduction electrons, but are rather composed
of quasiparticles with enhanced effective masses [1]. Further-
more, the hierarchy of energy scales departs significantly from
what is assumed in the BCS theory, indicating that pairing of the
quasiparticles cannot be phonon-mediated. These observations
made it clear that CeCu2Si2 was no ordinary superconductor,
and heralded a new era of research on unconventional super-
conductivity. The course of this research has evolved into cur-
rent explorations of rich phase spaces wherein new and exciting
physics has emerged from tuning the delicate interplay between
competing ground states. Before discussing the unconventional
superconducting states in these fascinating materials, which is
the subject of this review, we first briefly introduce the charac-
teristics and origin of heavy-fermion compounds.

∗Corresponding author: mbmaple@ucsd.edu

1.1. Heavy-Fermion Compounds

The physical properties of simple metals such as the elements
sodium or copper can be understood well by models that ne-
glect the many-body interactions that occur between electrons.
In even slightly more complex materials, this unrealistic as-
sumption fails dramatically, but the itinerant electron states and
their interactions with other electrons can be transformed into
non-interacting quasiparticles with enhanced effective masses
by invoking the Fermi liquid theory [5, 6, 7]. A Fermi liquid
state, which is populated by these independent quasiparticles,
is characterized by properties that include a quadratic temper-
ature dependence of the electrical resistivity, ρ(T ) ∼ (T/TF)2

for T ≪ TF , where TF = ǫF/kB is the Fermi temperature and
ǫF is the Fermi energy [8]. Such a quadratic temperature depen-
dence was first experimentally resolved in 1975 by Andres et al.

in measurements on the compound CeAl3 [9]. While TF values
for simple metals such as copper are of order 104 K [10] and a
(T/TF)2 temperature dependence of ρ is very difficult to resolve
experimentally, analysis of ρ(T ) and other physical properties
indicated that TF was three orders of magnitude lower (i.e., 15-
25 K) in CeAl3 [9]! Furthermore, TF is inversely proportional
to the coefficient of the electronic contribution to specific heat,
γ, which is proportional to the electronic density of states at
ǫF , N(ǫF), and is roughly 0.7 mJ mol−1 K−2 for copper [10]
compared to γ ≃ 1600 mJ mol−1 K−2 for CeAl3 [9]. Instead of
observing magnetic order within the lattice of localized mag-
netic moments associated with trivalent Ce ions separated by
∼4 Å, a nonmagnetic Fermi-liquid ground state, populated by
quasiparticles of order 1000 times heavier than free electrons,
was observed in CeAl3. These astounding results hinted at an
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enormous increase in N(ǫF) as well as the emergence of a new
characteristic energy scale in CeAl3 that acts as an effective TF .

To understand how these remarkable properties are possible,
it is instructive to first consider what happens when a single im-
purity bearing a localized magnetic moment is dissolved into a
non-magnetic metallic host. The Friedel-Anderson model was
developed principally to explain magnetic moment formation
in metals, but it also describes such a single-ion impurity sce-
nario [11]. In this model, quantum mechanical admixing or hy-
bridization between the localized electron states of the impurity
ion and the itinerant electron states from the host, characterized
by hybridization matrix element V, produces a virtual bound
state or resonance in the density of electronic states with width
Γ ∝ V2 [11]. When the energy associated with this resonance
(the maximum) is within Γ of ǫF , N(ǫF) is enhanced.

Addressing a different problem (at least superficially), Jun
Kondo proposed a simple Hamiltonian to explain the logarith-
mic divergence with decreasing temperature observed since the
1930’s [12] in measurements of ρ(T ) on systems containing di-
lute magnetic impurities. The essential physics of the Kondo
Hamiltonian is embodied in a magnetic exchange coupling J
between the spin ~S of a magnetic impurity with the local spin
density of the surrounding conduction electrons ~s0. Using this
model and the second Born approximation [13], Kondo was
able to derive the long sought after ρ(T ) ∼ − log(T ) behav-
ior. More importantly for our discussion, a new energy scale,
designated the Kondo temperature TK , also emerged from these
calculations [13], which separates the temperature region over
which the calculations are valid (T > TK) from T < TK where
perturbation theory breaks down. The Friedel-Anderson and
Kondo models, which contribute an enhancement ofN(ǫF) and
a new energy scale TK , respectively, are equivalent descriptions
of a magnetic impurity in a metallic host as shown by Schrief-
fer and Wolff [14]. The antiferromagnetic exchange interaction
of the Kondo model J is calculable in terms of V from the
Friedel-Anderson Hamiltonian,

J = 2V2(1/|ǫ f | + 1/(ǫ f + U)), (1)

where ǫ f = ǫi − ǫF and ǫi is the energy of the localized electrons
in the unfilled shell of the magnetic impurity ion [14].

A physical picture of how a magnetic impurity interacts
with its surroundings emerges from these theoretical develop-
ments. At temperatures comparable to but greater than TK ∝
exp[−1/(N(ǫF)J)] [15], the antiferromagnetic exchange inter-
action, characterized by J , between ~S and ~s0 promotes polar-
izing ~s0 antiparallel to the direction of ~S . This tendency causes
the localized magnetic moment of the impurity ion to become
dynamically screened or compensated, and the exchange inter-
action leads to strong local spin-flip or incoherent Kondo scat-
tering of charge carriers (i.e., a ρ(T ) ∝ − log(T ) term is ob-
tained in this temperature regime). At temperatures less than
TK , the screening of the impurity ion’s magnetic moment be-
comes complete as the surrounding conduction electrons form a
bound state with the impurity, producing a single non-magnetic
quasiparticle with an enhanced effective mass. This many-body
singlet state behaves like a local Fermi liquid [16], emphasizing
that TK is a suitable effective TF .

The physics of a single magnetic impurity embedded in
a metallic host, which is treated in great detail elsewhere
[17, 18, 19, 15], provides a mechanism for an enhanced N(ǫF)
via the emergence of a quasiparticle resonance and leads to a
new energy scale TK , below which, a local Fermi-liquid state
exists. However, heavy-fermion materials like CeAl3 do not
contain dilute concentrations of magnetic impurities, but are
rather composed of a lattice of localized magnetic moments
coupled to the Fermi sea [19]. These compounds share other
common traits including a crossover from Curie-Weiss behavior
at high temperature to enhanced Pauli magnetic susceptibility
at low temperature and a broad peak-like feature in the electri-
cal resistivity. These and other characteristics of heavy-fermion
compounds can be understood within the context of a general-
ization of the Friedel-Anderson model called the periodic An-
derson model. In an overly simplistic picture, the periodic An-
derson model assumes that the Kondo effect occurs at every
site bearing a localized magnetic moment. In principle, this
leads to the formation, below an energy scale T ∗, of 1023 quasi-
particles per mole localized magnetic moments. Characteristic
Kadowaki-Woods [20, 21] and Wilson-Sommerfeld [17] ratio
values, calculated using quantities obtained from experimental
data below T ∗, are used to confirm Fermi-liquid ground states.
T ∗, sometimes referred to as the Kondo lattice coherence tem-
perature, is typically identified with the temperature of the max-
imum of the peak-like feature in ρ(T ) and is distinct from TK .
The crossover from localized to delocalized magnetic-moment
behavior in the magnetic susceptibility also occurs near T ∗. In
many cases, T ∗ < TK such that screening of the localized mag-
netic moments begins near TK , but is incomplete until T ∗ when
the Kondo lattice becomes coherent. However, under certain
filling conditions [22] or when mutual screening of local mag-
netic moments enhances T ∗ relative to TK [23, 24, 25], cases
where T ∗ > TK have been reported and discussed.

The periodic Anderson model is particularly well suited to
describing the properties of metallic compounds containing
sublattices of Ce, Sm, Yb, U, and Pu ions. This is largely a
consequence of these ion’s tendency towards valence instabili-
ties in metals [26] that allows for a finite TK and T ∗ (i.e., ǫ f is
small enough so that J ∝ V2/|ǫ f | is finite for reasonable val-
ues of V). It is natural then that the majority of known heavy-
fermion compounds are composed of one of these lanthanide
or actinide elements, with Ce- and U-based compounds being
particularly well represented. There are also a more limited
number of Pr-based heavy-fermion compounds that are known,
and these sometimes involve the quadrupolar Kondo effect that
was originally proposed for compounds containing U4+ ions
with cubic point group symmetry [27, 28, 29]. The electric
quadrupole moment, associated with a non-magnetic Γ3 dou-
blet ground state of Pr3+, can be screened just like a magnetic
moment in the conventional Kondo effect, leading to a heavy-
fermion state [30, 31]; however, we note that the heavy-fermion
superconductor PrOs4Sb12 serves as a counter-example with its
nonmagnetic singlet Γ1 ground state [32, 33].

With the exception of Sm, the total angular momentum J

ground states for these lanthanide and actinide ions are gen-
erally not significantly admixed with excited states [34], but
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the 2J + 1-fold degeneracy associated with J is usually at least
partially lifted by the crystalline electric field (CEF). Since
the unfilled 4 f or 5 f electron shells of these ions are so well
screened by the surrounding filled electron shells, the energy
splitting δ between the ground and first excited states of the
multiplet can be comparable to energy scales such as TK , T ∗, or
the superconducting critical temperature Tc. Furthermore, the
hybridization between itinerant and localized electron states,
characterized by J , also facilitates the indirect Ruderman-
Kittel-Kasuya-Yosida (RKKY) magnetic exchange interaction
[35, 36, 37] that couples the localized magnetic moments [15].
In the context of the simple and intuitive Doniach phase di-
agram [38], J is the parameter that determines whether the
heavy Fermi liquid or the magnetically-ordered (usually anti-
ferromagnetic) ground state overcomes the other. Therefore,
the physical properties of these materials are governed by the
delicate interplay of comparable energy scales and competi-
tion, or sometimes coexistence, between distinct ground states.
A rich phase space emerges from this environment, contain-
ing numerous ground states often with quantum critical points
residing at their zero-temperature boundaries and with nearby
quantum criticality at finite temperatures [38, 8, 39]. Looking
beyond f -electron systems, we note that there are reports of at
least two d-electron transition-metal oxides, LiV2O4 [40] and
CaCu3Ru4O12 [41], that exhibit characteristics consistent with
a heavy-fermion state. Neither of these compounds is supercon-
ducting, but transition-metal oxide-based heavy-fermion com-
pounds may present an unexplored frontier of heavy-fermion
research.

Though we have only skimmed the surface of this fascinating
subject, it is beyond our scope to provide further depth. We re-
fer the interested reader to numerous review articles dedicated
to covering heavy-fermion physics [42, 43, 44, 45, 46, 47, 19,
48, 49]. Having briefly introduced the fundamentals of heavy-
fermion physics, we are prepared to consider the basic charac-
teristics of superconductivity in these systems.

1.2. Superconductivity in Heavy-Fermion Compounds

Chronologically speaking, the first observation of supercon-
ductivity in a heavy-fermion compound occurred in measure-
ments by Bucher et al. on UBe13 [50]; however, the ground
state of UBe13 was not considered to be a heavy Fermi liquid
at the time and the observed superconductivity, after extensive
experiments exercising due diligence, was dismissed by the au-
thors as extrinsic [50]. The observed superconducting transition
temperature of Tc = 0.97 K was only reduced by about 0.3 K
in a 6 T magnetic field [50] (meaning that the initial slope of
the upper critical field, (dHc2/dT )Tc

≃ -20 T/K, was improb-
ably large). Even though a diamagnetic signal was obtained
from a powdered sample of UBe13, the authors interpreted their
results as indicating that superconductivity must arise from pre-
cipitated filaments of U [50].

Four years later, Steglich et al. reported superconductivity in
CeCu2Si2 at Tc ≃ 0.51(4) K [1]. It was recognized at that time
that CeCu2Si2 was a heavy-fermion compound, and significant
effort was invested on trying to convince the scientific com-
munity that the observed superconductivity in CeCu2Si2 was

intrinsic [1]. Early on, two important observations were made
that became hallmark characteristics of heavy-fermion super-
conductors. First, the size of the jump at Tc in specific heat
data, ∆C, is comparable to γTc, indicating that the Cooper pairs
are formed from heavy quasiparticles rather than bare conduc-
tion electrons. Second, as was the case with CeAl3, the ef-
fective TF energy scale is anomalously low; for CeCu2Si2, the
spin-fluctuation temperature of order 10 K serves as TF . The
resulting hierarchy of energy scales Tc < TF < ΘD is drasti-
cally different from that assumed in the BCS theory of super-
conductivity [2, 3, 4] wherein characteristic frequencies obey
kBΘD/h ≪ kBTF/h. This observation indicates that supercon-
ductivity in CeCu2Si2 cannot be conventional (i.e. similar to
the superfluid state of 3He [51], this was a second example of a
system in which pairing cannot be phonon-mediated).

The results for CeCu2Si2 were initially controversial, and as
in most burgeoning subjects in materials physics, it took time
to sort out questions of sample quality and other details [42].
However, the results stood the test of time and heavy-fermion
superconductors such as UBe13 (the previously-observed super-
conductivity was demonstrated to be intrinsic) [52], UPt3 [53],
and URu2Si2 [54, 55, 56] were subsequently discovered and
studied. Many of the early discoveries involved a supercon-
ducting state that emerged from a non-magnetic heavy Fermi
liquid. However, a new era of research was heralded by the
discovery of superconductivity in CePd2Si2 and CeIn3 that ap-
peared only after an antiferromagnetic phase was suppressed
by applied pressure [57, 58]. It is widely believed that fluctu-
ations associated with a magnetic quantum critical point play
a role in facilitating the observed non-Fermi liquid behavior in
the normal states of these compounds and also serve as the pair-
ing mechanism supporting superconductivity [58]. This picture
is expected to apply more broadly to all heavy-fermion super-
conductors; even the compounds for which superconductivity
is observed at ambient pressure generally reside in close prox-
imity to a nearby magnetic or quadrupolar ordered phase that
nature has already suppressed.

The superconducting states of heavy-fermion compounds are
generally characterized by: (1) Tc values usually of order 1 K or
lower, (2) Cooper pairs formed from heavy quasiparticles as in-
ferred from large jumps of order γTc in specific heat at Tc; (3)
Large orbital upper critical fields at 0 K, H∗

c2(0), that can be
calculated using Werthamer-Helfand-Hohenberg (WHH) the-
ory [59] from the very large initial slopes, (dHc2/dT )Tc

, near Tc;
(4) Short superconducting coherence lengths ξ relative to the
London magnetic penetration depth λ such that the Ginzburg-
Landau parameter λ/ξ >> 1/

√
2 (i.e., these are extreme type-II

superconductors); (5) Line or point nodes in the superconduct-
ing energy gap ∆(~k); (6) Nearby ordered state in phase space
such as magnetic or quadrupolar order. In addition to these
ubiquitous characteristics, some of the heavy-fermion super-
conductors such as UPt3 and PrOs4Sb12 exhibit evidence for
multiple superconducting energy gaps [49].

There are many review articles that cover superconductiv-
ity in heavy-fermion compounds [42, 43, 60, 44, 45, 61, 46,
47, 19, 48, 49]. This review is organized by lanthanide or ac-
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tinide element. Each section focuses primarily on the seminal
experimental discoveries, but our narrative is “dressed” by the-
oretical developments and concepts when appropriate. Addi-
tional emphasis is placed on more recently discovered heavy-
fermion superconductors that have not been covered in earlier
review articles including in new Pr- [31, 62] and Yb-based [63]
compounds. The family of “115” heavy-fermion superconduc-
tors is also discussed with extra emphasis due to the many
ground-breaking discoveries made in the course of studies on
these and related materials over the last roughly 13 years. A
core set of empirically-observed characteristics associated with
heavy-fermion superconductors are then identified and com-
pared with properties of related “cousins” including uncon-
ventional superconductivity in the cuprates and the iron pnict-
dides/calchogenides. We conclude with a few thoughts con-
cerning the current state of the field of heavy-fermion super-
conductivity and provide an outlook for future research and de-
velopments.

2. Ce-based heavy-fermion superconductors

2.1. CeM2X2 (M = Ni, Cu, Rh, Pd; X = Si, Ge)

There is a series of isostructural heavy-fermion supercon-
ductors that form with the ThCr2Si2-type crystal structure with
space group I4/mmm. Among this series, superconductivity
was discovered in the heavy-fermion compound CeCu2Si2 at
ambient pressure [1]; in contrast, superconductivity emerges
only after antiferromagnetic order is suppressed by applied
pressure in the compounds CeCu2Ge2 [64], CePd2Si2 [57], and
CeRh2Si2 [65]. Interestingly, an antiferromagnetic spin-density
wave (SDW) order can be stabilized in slightly Cu-deficient
samples of CeCu2Si2 [66]; this observation indicates that sto-
ichiometric CeCu2Si2 resides on the border of antiferromag-
netic order and suggests that the chemical pressure produced
by filling Cu vacancies suppresses SDW order and enables su-
perconductivity to emerge [67]. This scenario is supported by
the observation that non-stoichiometric CeCu2Si2 samples ex-
hibiting SDW order also exhibit pressure-induced superconduc-
tivity [68]. Therefore, CeCu2Si2, CeCu2Ge2, CePd2Si2, and
CeRh2Si2 share a common predisposition for magnetic order
that can be suppressed by applied pressure. The case of super-
conductivity in the heavy-fermion compound CeNi2Ge2 [69]
does not exactly fit this pattern as we discuss below.

Bulk superconductivity was observed in the heavy-fermion
compound CeCu2Si2 in 1979 at Tc = 0.6 K as confirmed by
a specific heat jump of ∆C/γTc = 1.4 at Tc (γ ≃ 1000 mJ
mol−1 K−2) [1]. The SDW order observed in some samples
occurs due to a Fermi-surface instability and is characterized
by an incommensurate wave-vector ~Q = (0.215, 0.215, 0.530)
with an ordered magnetic moment of ∼0.1 µB/Ce [70]. In such
samples, superconductivity is induced by applying pressure or
annealing the samples in Cu vapor. Measurements on single
crystals of CeCu2Si2 reveal a modest anisotropy of the upper
critical fields Hc2(T ) when the magnetic field is aligned paral-
lel and perpendicular to the Ce planes [66]. The initial slopes,
(dHc2/dT )Tc

≃ -23 T/K, are isotropic but H⊥
c2(0) ≃ 2.45 T

and H
‖
c2(0) ≃ 2.05 T values are observed at zero temperature

[66]. The Pauli paramagnetic limit for CeCu2Si2 is estimated
[71] Hp0 = 1.84Tc ≃ 1.2 T using Tc = 0.65 K, and the or-
bital limiting field is calculated using WHH theory [59] to be
H∗

c2(0) = 0.693(−dHc2/dT )Tc
Tc ≃ 10.4 T using (dHc2/dT )Tc

≃
-23 T/K. Given these estimates, it appears that superconductiv-
ity in CeCu2Si2 is paramagnetically-limited [72]; it is likely that
Hc2(0) > Hp0 due to strong spin-orbit scattering, which is not
accounted for in our estimate of Hp0. The quadratic tempera-
ture dependence of the specific heat and thermal expansion co-
efficient [73] and nuclear quadrupole resonance measurements
[74] in the superconducting state of CeCu2Si2 are consistent
with the presence of line nodes [60] in the superconducting en-
ergy gap ∆(~k). However, a recent study demonstrated that the
specific heat deviates from a quadratic temperature dependence
at very low-temperature [75]; this behavior is inconsistent with
the presence of line nodes, but the specific heat data within the
superconducting state can be accounted for by a scenario in-
volving nodeless multiband superconductivity [75]. Further-
more, the absence of evidence for nodal quasiparticle excita-
tions in the magnetic field dependence of C at 60 mK and the
lack of resolvable oscillations of C as a function of angle as the
sample is rotated in a field within the ab plane at 0.1 K and 0.2
K both cast doubt on the presence of line nodes in CeCu2Si2
[75]. These results may require us to reevaluate the conven-
tional understanding about electron pairing in CeCu2Si2. When
samples that exhibit superconductivity at ambient pressure are
subjected to applied pressure, Tc increases up to ∼4 GPa, and
then decreases with increasing pressure [76]. Interestingly, a
second dome of superconductivity is observed at higher pres-
sure in slightly Ge-doped samples that is associated with a va-
lence transition of the Ce ions (see Fig. 1) [77, 78]; this intrigu-
ing result suggests that superconductivity in CeCu2Si2 can be
supported by both a magnetically-mediated pairing mechanism
and an interaction based on spatially-extended density fluctua-
tions.

A sinusoidally-modulated antiferromagnetic order below TN

= 4.15 K, characterized by incommensurate wave vector ~Q =
(0.284, 0.284, 0.543) and an ordered magnetic moment of 0.74
µB/Ce, is observed at ambient pressure in CeCu2Ge2 [79]. Fol-
lowing suppression of this antiferromagnetic order by apply-
ing pressure, superconductivity was observed in CeCu2Ge2

with Tc ≃ 0.6 K near 8 GPa [64]. The upper critical field
was measured at an applied pressure of ∼10.1 GPa and a
value of Hc2(0) ∼ 2 T was obtained with an initial slope of
(dHc2/dT )Tc

≃ - 11 T/K [64]. The value of Hc2(0) is compa-
rable to that of CeCu2Si2, and is also consistent with paramag-
netic limiting (Hc2(0) << H∗

c2(0)). At ambient pressure and ∼1
GPa, specific heat measurements of CeCu2Ge2 in the antifer-
romagnetic state obtain γ ≃ 200 mJ mol−1 K−2 [80]; however,
measurements have not yet been performed in the supercon-
ducting state of CeCu2Ge2 to resolve a jump at Tc. These large
values of γ and (dHc2/dT )Tc

are consistent with quasiparticles
with enhanced masses and heavy-fermion superconductivity in
CeCu2Ge2.

The compound CePd2Si2 is considered to be an intermedi-
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Figure 1: (Color online) Schematic phase diagram of temperature vs. lat-
tice density for a generic Ce-based compound. At low density (lattice den-
sity typically tuned by pressure), stable localized magnetic moments participate
in long-range antiferromagnetic order below a Néel temperature TN . The red
line represents the TN (P) phase boundary, which monotonically decreases to-
wards a critical pressure pc1. Unconventional superconductivity, facilitated by
magnetically-mediated pairing near pc1, is represented by the red dome, which
screens or protects a quantum critical point. With increasing lattice density,
the compound crosses over from heavy-fermion behavior to an intermediate
valence region. This may proceed through a first-order phase transition (repre-
sented by the green dashed line) where a concomitant volume collapse of the
unit cell takes place. When the critical end point where the first-order phase
transition terminates (green filled circle) is at a sufficiently low temperature,
superconductivity may form around the quantum phase transition associated
with volume collapse at pc2 (the green dome). After Ref. [77].

ate valence system with antiferromagnetic order, characterized
by wave vector ~Q = (0.5, 0.5, 0) [81], below TN ≃ 10 K. This
antiferromagnetic order is suppressed by applied pressure [82],
and vanishes near ∼2.8 GPa [57]. In the vicinity of this critical
pressure, strong non-Fermi liquid behavior is observed, mani-
fested by ρ(T ) ∼ T 1.2, and superconductivity with Tc = 0.43 K
emerges (see inset of Fig. 2) [57, 58, 83]. Superconductivity
appears as a dome in the temperature-pressure phase diagram
centered around 2.8 GPa as is displayed in Fig. 2 [57, 58, 83].
The upper critical fields were measured at 2.67 GPa in a sin-
gle crystal of CePd2Si2 and found to be relatively anisotropic
with values of Ha

c2(0) ≃ 0.7 T and Hc
c2(0) ≃ 1.3 T with large

initial slopes of (dHa
c2/dT )Tc

≃ -12.7 T/K and (dHc
c2/dT )Tc

≃
-16 T/K [83]. The Pauli paramagnetic limiting field can be esti-
mated Hp0 ≃ 0.8 T, which is comparable to the observed Hc2(0)
values; anisotropic paramagnetic limiting is a much more prob-
able scenario [49] than orbital limiting since H∗

c2(0) values are
estimated H

∗,a
c2 (0) ≃ 3.8 T and H

∗,c
c2 (0) ≃ 4.8 T using the Tc and

(dHc2/dT )Tc
values. These large (dHc2/dT )Tc

values, combined
with a relatively large γ = 65(2) mJ mol−1 K−2 value at ambient
pressure [84], imply that quasiparticle masses in CePd2Si2 are
enhanced. This value of γ was obtained by linearly extrapolat-
ing specific heat data, measured in the paramagnetic state and
plotted as C/T vs. T 2, to zero temperature [84]. Along with the
case of CeIn3 (see Section 2.2), the heavy-fermion supercon-
ductivity exhibited by CePd2Si2 was invoked to argue strongly
in favor of the existence of magnetically-mediated pairing in
the vicinity of a magnetic quantum critical point [58].

The compound CeRh2Si2 exhibits antiferromagnetic order at
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Figure 2: Temperature-pressure phase diagram determined for CePd2Si2. A
dome of superconductivity is observed at low temperature (Tc values scaled
by a factor of 3 for clarity) near the critical pressure where antiferromagnetic
order, characterized by TN , extrapolates to 0 K. The inset displays electrical
resistivity data ρ(T ) vs. T 1.2 at a pressure of 2.8 GPa; the data obey a non-
Fermi liquid ρ(T ) ∝ T 1.2 temperature dependence in the normal state. Adapted
from Ref. [58].

ambient pressure below TN,1 ≃ 36 K [82]; this magnetic or-
der is characterized by a wave vector ~Q = (1/2, 1/2, 0) and a
large ordered magnetic moment of 1.34 - 1.42 µB/Ce [85]. Be-
low TN,2 ≃ 24 K, the magnetic structure changes so that it is
described by two distinct wave vectors [85]. The low temper-
ature properties of CeRh2Si2 are consistent with a Fermi liq-
uid and the γ ≃ 23 mJ mol−1 K−2 value, obtained from spe-
cific heat measurements within the antiferromagnetic state, is
moderately enhanced [86]. Under applied pressure, γ increases
rapidly to γ ∼ 80 mJ mol−1 K−2 near 1.0 GPa, above which,
it remains only weakly dependent on pressure [86]. Antifer-
romagnetic order is also suppressed by applied pressure and
TN,1 and TN,2 vanish near 1.0 GPa and 0.6 GPa, respectively
[85]. Near 1.0 GPa, a narrow dome of superconductivity with
Tc ≃ 0.42 K emerges [65]. It is at this pressure that antifer-
romagnetic order terminates in a first-order phase transition as
confirmed by a discontinuous volume change in measurements
of thermal expansion under applied pressure [87]. The upper
critical field for CeRh2Si2 has been measured at ∼1.1 GPa on
a polycrystalline sample to be Hc2(0) ≃ 0.28 T with an initial
slope of (dHc2/dT )Tc

≃ -1 T/K [65]. This value of Hc2(0) is
very close to the estimated orbital-limiting field H∗

c2(0) ≃ 0.29
T and much smaller than Hp0 ≃ 0.8 T. From the upper critical
field, it has been estimated that the quasiparticles in CeRh2Si2
have enhanced effective masses of m∗/m0 ≃ 200 [65]. For addi-
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tional information, a description of the properties of the heavy-
fermion superconductor CeRh2Si2 can be found in Ref. [88].

The 1-2-2 compounds CeCu2Si2, CeCu2Ge2, CePd2Si2, and
CeRh2Si2 all exhibit antiferromagnetic order that, when sup-
pressed by applied pressure, makes way for heavy-fermion su-
perconductivity to emerge; in contrast to this pattern, the situ-
ation for the isostructural compound CeNi2Ge2 is more com-
plicated and its superconductivity is less well understood. At
ambient pressure, CeNi2Ge2 exhibits spin fluctuations with a
wave vector ~Q = (0.23, 0.23, 0.5) [89] that is comparable to
the SDW order in other 1-2-2 compounds; however, long-range
order does not develop in CeNi2Ge2 down to the lowest tem-
peratures. The measured γ ≃ 350 mJ mol−1 K−2 [90] definitely
suggests that quasiparticles have enhanced effective masses; we
note that γmight even be significantly higher depending on how
it is defined since CeNi2Ge2 exhibits non-Fermi liquid behav-
ior at ambient pressure, manifested by C/T ≃ − ln(T ) behav-
ior at low temperature [91]. Traces of superconductivity were
observed in CeNi2Ge2 below 0.1 K, however, attempts to re-
solve a diamagnetic Meissner signal were unsuccessful [91]. In
CeNi2Ge2 samples with extremely low disorder, complete su-
perconducting transitions were observed resistively below Tc ≃
0.3 K [69]; however, whether this is bulk superconductivity re-
mains an open question. Traces of superconductivity, presum-
ably distinct from the ambient-pressure superconducting phase,
were also observed in measurements of electrical resistivity un-
der applied pressure near 1.5 GPa with Tc = 0.22 K [92, 69].
The Tc value associated with this superconducting state in-
creases with increasing pressure up to Tc ≃ 0.4 K at 2.6 GPa
[92]. If this superconductivity is intrinsic, it is possible that it
could be related to a Ce valence instability as was observed in
slightly Ge-doped CeCu2Si2 samples (i.e., the phase diagram is
similar to the one displayed in Fig. 1) [77, 78].

2.2. CeIn3, CeMIn5 (M = Co, Rh, Ir), and related compounds

2.2.1. Introduction

The discovery [94] of pressure-induced superconductivity in
the heavy-fermion antiferromagnet CeRhIn5 marked the begin-
ning of subsequent discoveries of superconductivity in several
related compounds. Each of these superconductors are mem-
bers of a larger family of layered, tetragonal compounds with
compositions CenMmIn3n+2m, where M is a transition metal
such as Co, Rh, Ir, Pd and Pt, with the subset of CeMIn5 materi-
als being n = 1, m = 1 members with M = Co, Rh, Ir. The basic
structural building block of the family is the infinite layer, cu-
bic compound CeIn3, which earlier had been found to become
superconducting with applied pressure [58]. Figure 3 compares
the pressure-dependent evolution of the Néel temperature (TN)
and Tc in CeRhIn5 and CeIn3. In both cases, a dome of super-
conductivity appears as TN is tuned toward T = 0 K, but the
maximum Tc of CeRhIn5 is more than an order of magnitude
higher than that of CeIn3. This comparison suggests two signif-
icant conclusions: that fluctuations emerging from the T = 0 K
magnetic quantum critical point may be responsible for Cooper
pairing and that, as theoretically predicted [95], the quasi-two-
dimensional crystal structure and associated electronic struc-
ture of CeRhIn5 favors a higher Tc. Exploring the implications
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Figure 3: (Color online) Pressure dependence of TN and Tc in CeRhIn5 (un-
filled and filled circles, respectively) and CeIn3 (unfilled and filled triangles,
respectively). The phase diagrams for CeIn3 and CeRhIn5 were determined
from electrical resistivity [58] and specific heat [93] measurements, respec-
tively. Note that the Tc values of CeIn3 are multiplied by a factor of 2 for
clarity.

of these conclusions and, in particular, the relationship among
magnetism, quantum criticality, and superconductivity has been
a theme of subsequent studies of the CenMmIn3n+2m supercon-
ductors.

Soon after the discovery of superconductivity in CeRhIn5,
superconductivity was discovered at atmospheric pressure in
CeCoIn5 and CeIrIn5 [96, 97]. These two new members
were the first Ce-based heavy-fermion superconductors to be
found at atmospheric pressure since the original discovery of
CeCu2Si2 [1], and the Tc of 2.3 K in CeCoIn5 remains the high-
est among Ce-based heavy-fermion superconductors at atmo-
spheric pressure. CeRhIn5, CeCoIn5, and CeIrIn5 crystallize in
the HoCoGa5 structure type (P4/mmm), reported first by Grin
et al. [98], and can be viewed as n = 1 layers of CeIn3 sepa-
rated by m = 1 layers of ‘MIn2’ that are stacked sequentially
along the tetragonal c-axis. In addition to the CeMIn5 mate-
rials, superconductivity is also found in compounds with n =

1, 2 or 3 and m = 1 or 2 and in Pu-based analogs PuMX5,
where M = Co, Rh and X = In or Ga. Table 1 summarizes
the basic properties of superconductors in this broader family,
all of which have been prepared in single crystal form and have
large Sommerfeld coefficients. Non-magnetic variants of most
of the Ce compounds have been prepared with La or Y and none
is superconducting, which suggests that magnetism carried by
the Ce ion is important for the appearance of superconductiv-
ity. Inspection of entries in this table also shows that the more
structurally-anisotropic systems (n = 1) tend to have higher Tc’s
than those in which there are two (n = 2) or three (n = 3) ad-
jacent CeIn3 units. This trend is consistent with the proposal
that reduced dimensionality enhances the pairing interaction in
spin-mediated superconductivity [95]. Ce2RhIn8 and CeIrIn5

are exceptions to this pattern, however, and we will return to
them later. Of these systems, the CeMIn5 (Ce115) materials
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have been studied most and are the primary topic to be dis-
cussed. The properties of the Pu-analogs PuMX5 are reviewed
in a companion article in this issue of Physica C and are briefly
touched upon in Section 4.3 of this article.

Band-structure calculations, confirmed through quantum-
oscillation measurements, find that the Ce115’s are nearly
compensated metals with a multi-sheeted electronic structure
dominated by warped cylinders characteristic of quasi-two-
dimensional heavy band states [109, 110]. Though the effective
magnetic moment above ∼200 K is close to the Hund’s rule
value for Ce+3, indicating that the 4 f electron of Ce is localized
in each of the Ce115’s at high temperatures [94, 96, 97], the
electronic structure reveals a different perspective. De Haas-
van Alphen (dHvA) measurements find a ‘small’ Fermi volume
in CeRhIn5, comparable to that of LaRhIn5, which does not
contain any 4 f electrons. On the other hand, the Fermi vol-
ume of CeCoIn5 and CeIrIn5 is ‘large’, implying that cerium’s
4 f electron has become part of the Fermi sea in these com-
pounds because of relatively stronger f − p, d hybridization at
low temperature [109, 110]. Nevertheless, a two-dimensional-
like Fermi surface topology is common to the Ce115’s and
would suggest that their physical properties should be relatively
anisotropic. This is not the case. The normal state electri-
cal resistivity ρ and magnetic susceptibility χ of the Ce115’s
as well as their superconducting properties are only somewhat
anisotropic, with c-axis ρ and χ values about twice that of in-
plane values [111]. The upper critical magnetic fields are simi-
larly anisotropic [111].

2.2.2. Superconductivity

Because of a relatively high Tc at atmospheric pressure,
superconductivity has been characterized most extensively in
CeCoIn5. There is compelling evidence from several different
types of experiments that the superconducting energy gap in
CeCoIn5 has nodes and, more specifically, that the gap sym-
metry is dx2−y2 . For example, the thermal conductivity [112]
and specific heat [113] exhibit a four-fold modulation as mag-
netic field is rotated in the tetragonal basal plane, consistent
with the presence of line nodes in the gap. More direct probes
of the superconducting gap by point-contact [114] and tunnel-
ing spectroscopies [115, 116] confirm with little doubt a gap
with dx2−y2 symmetry in CeCoIn5; this symmetry is also proven
to exist in the high temperature cuprate superconductors from
measurements sensitive to the phase of the order parameter
[117]. Also like the cuprates [118], nodal superconductivity
in CeCoIn5 develops out of an unusual normal state in which
the electronic structure is partially gapped. First implied from
electrical resistivity studies [119], this inference has been veri-
fied by tunneling spectroscopy [115, 120] in which a signature
for a pseudogap-like structure appears at temperatures some-
what higher than Tc. Additionally, the four-fold modulation of
thermal conductivity well below Tc persists to temperatures at
which the pseudogap emerges [112], suggesting that the pseu-
dogap has the same nodal structure as the superconducting gap.

The presence of line nodes in the superconducting gap is
reflected as well in power-law temperature dependencies of
thermal conductivity (κ ∝ T 3 [121] or κ ∝ T 2 [122]), spe-

cific heat (C ∝ T 2 [121]), and the nuclear spin-relaxation rate
(1/T1 ∝ T 3+ǫ [123]) below Tc. The slightly greater than T 3

variation in 1/T1 and different power laws for κ may be a con-
sequence of the multi-sheeted Fermi-surface topology of the
Ce115’s or the possibility that a small fraction of electrons at the
Fermi surface does not participate in pairing, but these possibil-
ities remain to be determined unambiguously. Nevertheless, in
view of conclusions from tunneling spectroscopy, these power
laws support the presence of line nodes in CeCoIn5 and also set
a benchmark for interpreting similar power laws in CeIrIn5 and
CeRhIn5 [124]. As in CeCoIn5, there is a four-fold modulation
in the specific heat of CeIrIn5 [125, 126] and CeRhIn5 [127]
in their superconducting states, reinforcing the interpretation of
gap nodes implied from power laws behaviors in them.

Table 2 summarizes the primary superconducting parameters
of the Ce115’s and includes, where available, corresponding
properties of other family members based on Ce. A few com-
ments about table entries are in order. The specific heat jump at
Tc and ratio of superconducting gap to Tc are large in CeCoIn5

and in the purely superconducting state of CeRhIn5 at high pres-
sures; this implies strong electron-boson coupling. In contrast,
∆C/γTc is considerably smaller in other examples. At least in
Ce2CoIn8, in which there are apparently two unidentified tran-
sitions above Tc [128], and in Ce3PdIn11 with two magnetic
transitions above Tc [104], some entropy potentially available
for superconductivity is removed by these transitions, which
could be responsible in part for smaller jumps in specific heat.
This effect is seen clearly in CeRhIn5 where the specific heat
jump at Tc is small in the pressure range with coexisting an-
tiferromagnetic order and superconductivity but is large once
magnetic order is suppressed completely [93]. CeIrIn5 is a par-
ticularly interesting case. Its electrical resistivity drops to zero
near 1.3 K with no clearly defined specific heat anomaly and
bulk superconductivity only appears at 0.4 K [97]. Careful Hall
effect and magnetoresistance measurements find evidence for a
precursor state that extrapolates to ∼2 K in the zero-field limit
[129] where there is also a change in slope of C/T [97]. Con-
ceivably, some entropy is associated with the precursor state
that otherwise would be available for superconductivity. With
applied pressure, the resistive transition to a ρ = 0 µΩ cm state
in CeIrIn5 is essentially independent of pressure, but the bulk
transition increases and eventually coincides with the resistive
transition near 3 GPa, above which Tc decreases with further
increasing pressure [130]. This response suggests that some
other state is competing with superconductivity as was found in
CeRhIn5 as a function of pressure [131]. In this regard, we also
note that no specific heat anomaly associated with bulk super-
conductivity has been found so far in Ce2RhIn8 at pressures up
to 1.6 GPa and temperatures above 0.35 K [132] even though
TN extrapolates to 0 K near 2.5 GPa, which is close to where
the resistive transition to ρ = 0 µΩ cm reaches 2 K [102]. This
is unusual and deserves further exploration.

The initial slope of the upper critical magnetic field near Tc,
(dHc2/dT )Tc

, is roughly twice as large for fields applied in the
a − b plane than perpendicular to it for CeCoIn5 and CeIrIn5

(for both its resistive and bulk transitions) and this is reflected
as well in their T = 0 K upper critical fields Hc2(0). Inter-
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Table 1: Basic properties of members of the Cen MmIn3n+2m family as well as of the PuMX5 materials. The tabulated properties are at ambient pressure unless
designated by pressure (P) in units of GPa at which Tc is a maximum. We define SC = superconductivity and AFM = antiferromagnetism. The Sommerfeld
coefficients are approximate, to order ±10%, in some cases because of a relatively strong temperature dependence of C/T above a phase transition or because of a
relative high Tc, e.g., in PuMGa5 materials.

Compound Ground State TN , Tc (K) γ (mJ mol−1 K−2) References
CeCoIn5 SC 2.3 250 [96]
CeRhIn5 AFM/SC (P) 3.8/2.4 (2.3 GPa) 430 [94]
CeIrIn5 SC 0.4 750 [97]
CePt2In7 AFM/SC (P) 5.5/2.3 (3.1 GPa) 340 [99]
Ce2CoIn8 SC 0.4 500 [100]
Ce2RhIn8 AFM/SC (P) 2.8/2.0 (2.3 GPa) 400 [101, 102]
Ce2PdIn8 SC 0.7 550 [103]
Ce3PdIn11 AFM + SC 1.6 + 1.5 + 0.4 (SC) 300 [104]
PuCoIn5 SC 2.5 200 [105]
PuRhIn5 SC 1.6 200 [106]
PuCoGa5 SC 18.5 80 [107]
PuRhGa5 SC 8.7 80-150 [108]

Table 2: Superconducting parameters of the Ce115’s and related materials. ∆C/γTc: jump in specific heat at Tc divided by the Sommerfeld coefficient just above
Tc; 2∆/kBTc: twice the zero-temperature superconducting energy gap divided by Tc (for CeRhIn5 at 2.1 GPa, Tc = 2.2 K); (dHc2/dT )Tc in units of T/K: slope of
the upper critical field near Tc for field applied in the plane (ab) and perpendicular to it (c-axis); ξ(0) in units of Å: Ginzburg-Landau coherence length calculated
from the measured zero-temperature upper critical field for field along the c-axis (ξab(0)) and in the basal plane (ξc(0)); λ in units of Å: magnetic penetration depth
perpendicular (λab) and parallel to the c-axis (λc). Because of the different Tc’s determined by electrical resistance (∼1.3 K) and by a bulk measurement (0.4 K)
through susceptibility (χ) or specific heat (C), there are associated differences in (dHc2/dT )Tc and ξab,c(0) for CeIrIn5. References for each value are provided in
brackets.

Compound ∆/γTc 2∆/kBTc dHab
c2 /dT dHc

c2/dT ξc(0) ξab(0) λab λc

CeCoIn5 4.5 [96] 10 [123] -24 [133] -11 [133] 53 [134] 82 [96] 1900 [135] 2700 [135]
4.7 [133] 6.05 [136] -8.2 [121] 82 [133, 134] 1900 [137] 2800 [138]

CeRhIn5 4.2 [139] 5 [140] -15.5 [141] -15.5 [141] 57 [141] 48 [141]
CeIrIn5 0.76 [97] 5.0 [142] -4.8 [97] -2.5 [97] 180 [97, 109] 260 [109] 6700 [143]

5 [123] -10 [97] -5 [97] 71 [97] 115 [109]
CePt2In7 1.5 [99] -12 [99]
Ce2CoIn8 0.2 [128] 175 [128] 190 [128]
Ce2RhIn8 -9.2 [102] 77 [102]
Ce2PdIn8 1.2 [144] -14 [145] -14.3 [144] 130 [144] 120 [144] 1740 [144]
Ce3PdIn11 0.6 [104] -9.6 [104] 120 [104] 9200 [104]
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Figure 4: (Color online) Temperature versus pressure phase diagram of
CeRhIn5 determined from specific heat measurements [93]. Regions of anti-
ferromagnetic order and superconductivity are indicated by AFM and SC, re-
spectively.

estingly, even though the Fermi-surface topology appears to be
similar in CeCoIn5 and in CeRhIn5 at high pressures [146], this
anisotropy is reversed in CeRhIn5 once magnetic order has been
suppressed by pressure [141]. The origin of this anisotropy re-
versal is not currently understood and remains an important is-
sue to be resolved. Below 0.3Tc, the upper critical field transi-
tion in CeCoIn5 is first order, consistent with strong Pauli lim-
iting [147]. Although there is no clear evidence that the criti-
cal field transition becomes first order, it is also Pauli limited
in CeRhIn5 at high pressures [141] and in Ce2PdIn8 [144]. It
also is noteworthy that Hc2(0) is nearly isotropic in the n = 2,
m = 1 compounds Ce2CoIn8 and Ce2PdIn8, which might be
expected because of their more three-dimensional crystal and,
presumably, electronic structures. From this perspective, the
upper critical fields of the n = 3, m = 1 material Ce3PdIn11 also
should be nearly isotropic, but this remains to be seen.

2.2.3. Magnetism, Quantum Criticality, and Superconductivity

CeRhIn5 and CeCoIn5 exemplify the complex interplay
among magnetism, quantum criticality, and superconductivity
that makes them and other members of the CenMmIn3n+2m fam-
ily so fascinating. Figure 4 provides a detailed temperature-
pressure phase diagram of CeRhIn5. Below a critical pressure
P1, there is a range of pressures where incommensurate antifer-
romagnetic order coexists microscopically with superconduc-
tivity [148]. In this same pressure range, the ordered magnetic
moment is only somewhat reduced relative to that expected of
Ce3+ in a crystal-field doublet ground state [149, 150]. A first-
order-like very small change in the c-axis incommensuration of
the magnetic order appears where bulk superconductivity sets
in at 1.5 GPa, signaling an interplay between the coexisting
antiferromagnetic order and superconductivity [150]. Above
P1, there is no evidence for coexisting antiferromagnetism in
zero applied field, but applying a magnetic field induces mag-
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Figure 5: (Color online) Magnetic field-temperature phase diagram for
CeCoIn5 determined for H ‖ a − b plane. The Q-phase is bounded by the
first-order upper critical field Hc2(T ) and a line of second-order phase transi-
tions indicated by solid circles. After Ref. [154].

netic order in the superconducting state [93, 151]. The ap-
plied magnetic field also allows the Néel boundary to be fol-
lowed toward its T = 0 K quantum critical point (P2 in Fig. 4)
near 2.3 GPa, where there is an abrupt increase in the dHvA
frequencies to values that characterize the large-volume quasi-
two-dimensional cyclotron orbits of CeCoIn5 [146]. Above this
dome of unconventional superconductivity, the spin-relaxation
rate follows a distinctly non-Fermi-liquid temperature depen-
dence (1/T1 ∝ T 1/2) [152], the resistivity just above Tc in-
creases by over a factor of 20, and the temperature dependence
of the electrical resistivity increases as T 0.85 [153]. Collectively,
these responses suggest that the maximum Tc in CeRhIn5 is as-
sociated with an unconventional type of quantum criticality in
which magnetic as well as electronic degrees of freedom be-
come critical at P2 [153].

Unconventional superconductivity in CeCoIn5 develops from
a non-Fermi-liquid normal state at atmospheric pressure [96,
119, 123]. Its dome-shaped Tc(P) [119] suggests, like CeRhIn5,
that antiferromagnetic order is ‘nearby’. Indeed, replacing
about 1% of its In atoms by Cd induces coexisting supercon-
ductivity and commensurate antiferromagnetism with a large
ordered moment of ∼0.7µB [155, 156, 157]. Applying a mag-
netic field to pure CeCoIn5, however, reveals evidence for a
SDW-like quantum critical point near or just inside its T = 0 K
upper critical field [158, 159, 160]. The Wiedemann-Franz law
is violated near this quantum critical point for transport along
the c axis, but is obeyed for in-plane transport [161]. This re-
sult points to an anisotropic destruction of the Fermi surface of
CeCoIn5 that is reminiscent of the pseudogap state in the under-
doped cuprates and is possibly caused by spin fluctuations with
a uniaxial character. Careful specific heat measurements reveal
a phase transition just below Hc2(0) when the field is applied
in the basal plane of CeCoIn5. This phase transition, first iden-
tified as a possible Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
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state [154], subsequently was shown by nuclear magnetic res-
onance (NMR) measurements to host antiferromagnetic order
[162, 163]. More recent neutron-diffraction experiments con-
firm field-induced incommensurate magnetic order with a small
ordered moment of 0.15µB and further show that it is coupled
to superconductivity and exists only in the so-called Q-phase
illustrated in Fig. 5 [164]. Coupling of the SDW to d-wave
superconductivity leads to a highly non-trivial state in which
triplet p-wave superconductivity is induced [165]. The result-
ing spatially-modulated superconducting state is similar to an
FFLO phase originally suggested from specific heat studies, but
whether antiferromagnetism coexists with an FFLO state in the
Q-phase remains to be determined. Applying pressure increases
the H − T phase space occupied by the Q-phase [166], which
is surprising because pressure typically tends to suppress SDW
order in Ce-based systems. In contrast, replacing only 0.05% of
the In atoms by Hg wipes out any thermodynamic signature for
it [167]. Besides a magnetic field, Nd substitution in CeCoIn5

induces magnetic order inside the zero-field superconducting
state of CeCoIn5 for Nd concentrations less than 10% [168].
Neutron diffraction measurements find that the Nd-induced an-
tiferromagnetism has the same ordering wavevector and nearly
the same small ordered moment as those in the Q-phase [169],
raising the possibility that the two phenomena may be related.

Neodymium concentrations greater than 15% suppress su-
perconductivity and, at this concentration, the electrical resis-
tivity reaches ∼20 µΩ cm [168]. Interestingly, it is this value of
the low-temperature electrical resistivity and not pair breaking
by the magnetic moment of Nd that correlates with the suppres-
sion of superconductivity. As found in a systematic study of Tc

suppression by chemical substitution of Ce with various triva-
lent magnetic and non-magnetic lanthanides, Tc reaches zero
when the resistivity reaches ∼20 µΩ cm, irrespective of the sub-
stituent [170, 168]. This correlation suggests [170] an intimate
relationship between the quantum criticality of CeCoIn5 and
incoherent scattering produced by the introduction of Ce ‘va-
cancies’ that manifest themselves as Kondo-impurity scatterers
in the superconducting state [171]. Ytterbium substitution for
Ce in bulk single crystals of Ce1−xYbxCoIn5 appeared to be a
dramatic exception in that Tc extrapolated to 0 K only in the
limit x → 1 [172, 173]; however, a study of Ce1−xYbxCoIn5

thin films revealed a more rapid suppression rate of Tc with x

such that superconductivity vanished near x = 0.4 [174]. The
discrepancy between these results was recently resolved via an
unconventional application of Vegard’s law in which it was de-
termined that the actual Yb concentration xact in bulk single
crystals is subnominal (i.e., xact < x) [175]. Measurements
of the Yb and Ce valences in Ce1−xYbxCoIn5 [176, 177] re-
veal that Ce is nearly trivalent for all x and that the Yb va-
lence decreases rapidly with increasing x from 3+ to a stable
intermediate valence of 2.3+ for x ≥ 0.2 [177]. The mea-
sured unit-cell volume [172, 173], V(x), is inconsistent with
Vegard’s law; however, the Yb concentration was adjusted in a
plot of V vs. x until V(xact) was consistent with Vegard’s law
[175]. From this analysis, a correction function for the true Yb
concentration, xact(x), was obtained that is consistent with in-
dependent measurements of the Yb concentration using wave-

length dispersive spectroscopy, energy dispersive spectroscopy,
and transmission x-ray absorption spectroscopy measurements
[175, 173]. It was found that xact = x/3 in bulk single crys-
tals up to x ∼ 0.5 [175]. The behavior of Tc(xact) for the
bulk single crystals [175] is consistent with that of thin films of
Ce1−xYbxCoIn5 [174], resolving the discrepancy between their
respective behaviors. Interestingly, superconductivity still per-
sists to higher concentrations [175, 174] (xact ≃ 0.4) than in
cases where other other rare-earth ions are substituted for Ce
(xact ∼ 0.2) [170, 168, 178].

Motivated by the anomalous physical properties exhibited by
Ce1−xYbxCoIn5 [172, 173, 174], numerous studies have been
performed to probe this system’s superconducting and normal
state properties [179, 180, 181, 182, 183]. Interestingly, near x

= 0.2 (xact ≃ 0.067), an intriguing crossover is observed. A
valence transition occurs at this concentration where the Yb
valence, which decreases rapidly from nearly 3+ to 2.3+ for
xact < 0.067, maintains a stable intermediate valence of 2.3+
for xact ≥ 0.067 [177]. This valence transition is concomitant
with a reconstruction of the Fermi-surface topology wherein
the heavy α sheets disappear and the Fermi surface resem-
bles that of YbCoIn5 instead of CeCoIn5 [184]. Furthermore,
from careful measurement of the in-plane magnetoresistivity of
Ce1−xYbxCoIn5 in magnetic fields up to 14 T [180], it has been
shown that the quantum critical field associated with the field-
induced quantum critical point (HQCP = 5 T for CeCoIn5) is
suppressed to 0 T near x = 0.2; therefore, the quantum criti-
cal point is suppressed by Yb substitution and the non-Fermi
liquid behavior that persists to much higher Yb concentrations
in Ce1−xYbxCoIn5 must be decoupled from its associated quan-
tum criticality [180]. It has also been shown that quantum crit-
ical fluctuations near x = 0.2 are suppressed with increasing
pressure [183]. Despite all of these dramatic transitions and
crossovers near x = 0.2, there is no apparent feature in Tc(x) at
this concentration.

Recent measurements of the London penetration depth ∆λ
have provided compelling evidence that the nodes, presumed
to be associated with a dx2−y2 symmetry of the superconducting
energy gap, disappear near x = 0.2 in Ce1−xYbxCoIn5 [182].
Whereas substitution with La and Nd for Ce results in a power-
law temperature dependence of ∆λ ∼ T n in which the exponent
n rapidly approaches n = 2, indicating d-wave superconductiv-
ity in the dirty limit, Yb substitution for Ce results in an ex-
ponent of n ≥ 3 (see Fig. 6) [182]. This observation implies
that there is a topological transition of the superconducting en-
ergy gap symmetry in Ce1−xYbxCoIn5 from nodal to nodeless
near x = 0.2 [182]. This surprising result might be explained by
a composite pairing scenario in which a Lifshitz transition of
the nodal Fermi surface is driven by Yb substitution, forming
a fully-gapped d-wave molecular superfluid of composite pairs
[185]. The ∆λ ∼ T 4 dependence of the penetration depth asso-
ciated with the sound mode of this condensate agrees with the
experimental results reported in Ref. [182].

If the composite pairing scenario for superconductivity in
Ce1−xYbxCoIn5 (x > 0.2) applies, Ref. [185] predicts that the
nodal behavior will return at a second quantum critical point at
higher Yb concentration. The higher Yb concentration region
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of the phase diagram of Ce1−xYbxCoIn5 is, therefore, currently
being explored. The evolution of the many-body electronic
state from a Kondo lattice consisting of Ce magnetic moments
for low Yb concentration to a dilute array of Ce impurities at
high x has been studied [181]. A crossover was observed near
x = 0.6 between a regime characterized by localized Ce mag-
netic moments and one predominantly consisting of itinerant
Yb electronic states [181]. Electronic correlations between the
Yb ions can be inferred, and these Yb-Yb correlations appear
to be particularly strong for 0.65 ≤ x ≤ 0.775 according to mea-
surements of specific heat [181]. The search for a second quan-
tum critical point as well as reconciling the notion of nodeless
d-wave superconductivity with our understanding of heavy-
fermion superconductivity make the system Ce1−xYbxCoIn5 a
rich and intriguing playground within which to study the evo-
lution and interplay of unconventional superconductivity, elec-
tronic structure, valence fluctuations, and quantum criticality.

The phase diagram in Fig. 7 of temperature versus x in the
CeMxM′1−x

In5 series, where M = Rh, Ir, Co, provides a broad
perspective on the relationship between magnetism and super-
conductivity in the Ce115’s [186]. In this figure, phase bound-
aries indicated by symbols are determined by specific heat for
CeRhxCo1−xIn5 [187] and CeRh1−xIrxIn5 [188]; whereas, dot-
ted phase boundaries are deduced from neutron diffraction mea-
surements on CeRhxCo1−xIn5 [189] and CeRh1−xIrxIn5 [190].
With both Co and Ir substitution for Rh, superconductivity ap-
pears once the magnetic order is either commensurate (Co dop-
ing) or incommensurate coexisting with commensurate antifer-
romagnetism (Ir doping). In the case of Ir substitutions, nuclear
quadrupole resonance experiments show that superconductivity
coexists microscopically with magnetic order [191], and this
is inferred as well from specific heat studies of Co-substituted
crystals [187]. It seems, therefore, that commensurate order
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Figure 7: (Color online) Phase transitions in CeMx M′1−x
In5 compounds as M

= Rh is replaced by M′ = Ir and Co. In this figure, we define ICAF = incom-
mensurate antiferromagnetism; CAF = commensurate antiferromagnetism; SC
= superconductivity. After Ref. [186].

allows or favors the development of d-wave superconductiv-
ity in these systems, which appears as well to be the case in
CePt2In7 [192]. Though there are important commonalities
in the relationship between superconductivity and magnetism
across the series, there are also significant differences. With Ir
substitution, a dome of superconductivity appears that is cen-
tered somewhat below the critical Ir content at which the Néel
boundary extrapolates to T = 0 K. Near 90% Ir, Tc goes to zero
and this notch in Tc(x) widens with applied pressure, while Tc

of CeIrIn5 increases and the Tc of samples with lower Ir con-
tent grows toward Tc ∼ 2 K; this value is comparable to that of
pure CeRhIn5 under pressure [193]. This response to pressure
suggests that there may be two superconducting phases in the
CeRh1−xIrxIn5 series. On the other hand, with increasing Co
content, superconductivity appears suddenly at a Co concentra-
tion of ∼40%, and again, applied pressure enhances Tc toward
2 K [194]. The rapid onset of superconductivity at ambient
pressure appears to be associated with a jump in the cyclotron
frequency of at least one heavy-mass sheet of the Fermi surface
to a value typical of the large Fermi volume of pure CeCoIn5

[195]. Though it seems likely that the broad dome of supercon-
ductivity in Ir-doped CeRhIn5 may be associated with a mag-
netic quantum critical point, this is not the case with Co-doping
where dHvA measurements do not find a diverging mass near
40% Co [195].

2.2.4. Superconducting Mechanism and Broader Relationships

Without a phase-sensitive measurement, it is not possible to
prove that superconductivity in the Ce115’s is unconventional.
Nevertheless, all measurements consistently point to the con-
clusion that it is and that the pairing has a nodal, spin-singlet
character. With superconductivity appearing in proximity to
antiferromagnetism in these as well as other members of the
broader family and the development of superconductivity out of
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a non-Fermi-liquid normal state, it is reasonable to expect that
fluctuations of a quantum-critical nature play a dominant role
in producing Cooper pairing [196]. In CeCoIn5, this criticality
is of the conventional Hertz-Millis-Moriya type that involves
only critical fluctuations of a magnetic order parameter [158],
which favors pairing in the d-wave channel. In contrast, the
critical response of CeRhIn5 under pressure is consistent with
criticality of magnetic as well as electronic degrees of freedom
[127]. Such an unconventional type of quantum criticality also
favors d-wave pairing [197]. Though Fig. 7 implies that super-
conductivity in CeIrIn5 is separated from magnetism, NMR and
specific heat measurements argue that CeIrIn5 is close to a T =

0 K instability of a SDW at ambient pressure [198, 199], which
again would favor magnetically-mediated d-wave pairing.

A neutron-spin resonance develops in the superconducting
state of CeCoIn5 [200], with the ratio of resonance energy
to superconducting gap being the same as in the cuprates
[201]. Further searches for a neutron resonance in CeRhIn5

under pressure and in CeIrIn5 will be challenging, but worth-
while. Besides the spin resonance, results of scanning tunneling
spectroscopy [202, 115] strongly support magnetic pairing in
CeCoIn5. Remarkably, this magnetically-mediated supercon-
ductivity persists in thin films that are just a few monolayers
thick [203]. Magnetically-mediated d-wave superconductivity
and the presence of a pseudogap and spin resonance as well as a
non-Fermi-liquid normal state above Tc in the Ce115’s are strik-
ingly similar to the high-Tc cuprates. Though the absolute value
of Tc is much lower in the Ce115’s than in the cuprates, relative
to the electronic energy/magnetic scale relevant for supercon-
ductivity, the Tc’s of the Ce115’s are just as high as those in the
cuprates [204]. The ease with which superconductivity in the
Ce115’s can be tuned and with which they can be grown as very
high quality crystals, in addition to the perspective provided by
dimensional tuning in the broader CenMmIn3n+2m family, make
these materials particularly useful for unraveling commonali-
ties in heavy-fermion superconductors and unconventional su-
perconductors more broadly.

2.3. Noncentrosymmetric Ce-based compounds

Superconductivity in Ce-based heavy-fermion compounds
with noncentrosymmetric crystal structures is an exciting, rel-
atively new area of research. Much of the interest in this topic
is driven by the rather unique possibility of superconductivity
exhibiting an unconventional mixture of s− and p-wave pairing
that is allowed when inversion symmetry is absent. This fasci-
nating and rich subject has been reviewed recently by Kimura
and Bonalde in Ref. [205] and is also the subject of a review
article by F. Kneidinger et al. in this special issue of Physica C.
Therefore, we will only touch briefly on the properties of four
Ce-based heavy-fermion compounds with noncentrosymmetric
crystal structures: the compound CePt3Si exhibits supercon-
ductivity at ambient pressure [206] while pressure-induced su-
perconductivity is observed in CeRhSi3, CeIrSi3, and CeCoGe3

[207, 208, 209].
The crystal structure of CePt3Si is described by tetrago-

nal space group P4mm which lacks inversion symmetry [206].
Long-range antiferromagnetic order is observed below TN = 2.2

K with superconductivity emerging near Tc = 0.75 K at ambi-
ent pressure [206]. As is discussed in Ref. [49], some sam-
ples of CePt3Si exhibit Tc ≃ 0.45 K with sharper phase tran-
sitions. A Sommerfeld coefficient, γ = 390 mJ mol−1 K−2,
is measured which is consistent with heavy-fermion behavior
[206]. Furthermore, a jump in the specific heat of ∆C/γTc ≃
0.25 is observed at Tc, confirming that superconductivity is
bulk in CePt3Si [206]. The upper critical fields were found to
be Hc2(0) ∼ 5 T at zero temperature with an initial slope of
(dHc2/dT )Tc

≃ -8.5 T/K from measurements of polycrystalline
samples [206]. This value of Hc2(0) is comparable to the esti-
mated [59] orbital limiting field H∗

c2(0) ≃ 4.4 T and significantly
exceeds the estimated [71] Pauli limiting field of Hp0 ≃ 1.4 T.
Since Hc2(0) >> Hp0, we expect that pairing in CePt3Si is un-
conventional and involves spin-triplet pairs. Upper critical field
measurements on a single crystal of CePt3Si with Tc = 0.63 K
demonstrated very little anisotropy in Hc2(T ) curves and the ex-
trapolated Hc2(0) values also exceeded the Pauli paramagnetic
limit [210]. For more information concerning the early work on
CePt3Si, see Ref. [211].

Pressure-induced superconductivity was observed in the
compounds CeRhSi3 [207], CeIrSi3 [208], and CeCoGe3 [209]
that all form in a noncentrosymmetric crystal structure char-
acterized by the tetragonal space group I4mm. In each case,
antiferromagnetic order is suppressed by applied pressure, en-
abling superconductivity to emerge. Enhanced Sommerfeld co-
efficient values of γ ≃ 120 mJ mol−1 K−2 [207], 120 mJ mol−1

K−2 [208], and 32 mJ mol−1 K−2 [212] for CeRhSi3, CeIrSi3,
and CeCoGe3, respectively, are observed at ambient pressure.
These values suggest that the effective quasiparticle masses are
enhanced in these compounds. At ambient pressure, the mag-
netic ordering temperatures are TN ≃ 1.6 K and TN ≃ 5 K for
CeRhSi3 and CeIrSi3 [207, 208], respectively, while CeCoGe3

exhibits three successive transitions at TN1 ≃ 21 K, TN2 ≃ 12
K, and TN3 ≃ 8 K [209]. Under applied pressure, antiferromag-
netic order is suppressed in each compound and superconduc-
tivity emerges. For CeRhSi3, superconductivity is observed at
pressures above ∼1.2 GPa and exists in a wide dome up to 3
GPa with maximum Tc ≃ 1 K near 2.3 GPa [207]; the lower-
pressure side of the dome appears to coexist with antiferromag-
netic order [207]. For CeIrSi3, antiferromagnetic order vanishes
for pressures near 2.25 GPa, and a dome of superconductivity
is observed with maximum Tc ≃ 1.65 K near 2.6 GPa [208].
Finally, applied pressure suppresses antiferromagnetic order in
CeCoGe3 with TN1 (the highest magnetic transition tempera-
ture) vanishing near 5.5 GPa [209]. Superconductivity is ob-
served in a broad dome centered near 6.5 GPa with maximum
Tc ≃ 0.69 K [209]. The upper critical fields of these compounds
are all enormous and significantly exceed their respective Pauli
paramagnetic limits. Initial slopes of (dHc2/dT )Tc

≃ -23 T/K
(2.6 GPa) and -20 T/K (at 6.5 GPa) for CeRhSi3 [213] and
CeCoGe3 [212], respectively, suggest that Hc2(0) values may
exceed 30 T for these compounds when H ‖ c! For CeIrSi3,
the upper critical field values at 2.65 GPa and zero temperature
are Ha

c2(0) ≃ 9.5 T and Hc
c2(0) ≈ 45 T with initial slopes of

(dHa
c2/dT )Tc

≃ -14.5 T/K and (dHc
c2/dT )Tc

≃ -17 T/K (as seen
in Fig. 8) [214]. These values of Hc2(0) are also consistent with
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Figure 8: (Color online) The anisotropic upper critical fields Hc2(T ) for
CeIrSi3. The magnetic field H is applied along the c-axis under applied pres-
sures of 2.60 GPa (filled circles) and 2.65 GPa (unfilled circles), and along
[110] under an applied pressure of 2.65 GPa (unfilled squares). The dramatic
anisotropy in Hc2(T ) is apparent and the Hc

c2(0) value appears to be close to 40
T at 2.60 GPa (after Ref. [214]).

spin-triplet pairing and attest to the unconventional nature of
pressure-induced superconductivity in these noncentrosymmet-
ric heavy-fermion compounds.

2.4. CeNiGe3, Ce2Ni3Ge5, and CePd5Al2

We conclude our discussion of Ce-based heavy-fermion su-
perconducters by discussing three compounds that do not fall
neatly into the categories we have just discussed. This in-
cludes CeNiGe3, Ce2Ni3Ge5, and CePd5Al2, and the properties
of each compound are briefly addressed below.

Though it has the same 1-1-3 stoichiometry as many of the
noncentrosymmetric superconductors discussed in Section 2.3,
the compound CeNiGe3 crystallizes with the centrosymmetric
orthorhombic space group Cmmm and exhibits antiferromag-
netic order below TN ≃ 5.5 K at ambient pressure [215]. In an
analysis of specific heat data that includes fitting a Schottky-
anomaly feature, the Sommerfeld coefficient was reported to be
γ ≃ 45 mJ mol−1 K−2 [215]. Analysis of Curie-Weiss behav-
ior in the magnetic susceptibility of CeNiGe3 provides a µe f f

value that is very close to the expected value for a localized
magnetic moment associated with Ce3+ ions [215]. Under ap-
plied pressure, TN initially increases up to about ∼3 GPa and
then rapidly decreases, vanishing near ∼5.5 GPa [216]; an in-
complete superconducting transition was first reported in ρ(T )
measurements of CeNiGe3, and a dome of superconductivity,
centered near this critical pressure with maximum Tc ≃ 0.48
K as defined by the transition’s onset, was obtained in the
temperature-pressure phase diagram [216]. Measurements of
CeNiGe3 under pressure were later conducted with improved

pressure homogeneity, obtaining qualitatively different results
[217]. In the study of Kotegawa et al., superconductivity first
emerges near 1.7 GPa (coexisting with the antiferromagnetic
phase of CeNiGe3) and traces out two distinct superconduct-
ing domes with maximum Tc values of 0.32 K and 0.43 K near
pressures of ∼3.5 GPa and ∼6.8 GPa, respectively [217]; this
higher pressure coincides with the suppression of TN to 0 K
[217]. The observation of a diamagnetic signal in the mag-
netic susceptibility suggests that the superconductivity associ-
ated with the lower pressure dome could be bulk. In contrast,
the superconducting transition within the higher pressure dome
becomes incomplete in measurements of electrical resistivity
conducted in modest magnetic fields [217]; this observation
suggests that the higher pressure phase might not be bulk su-
perconductivity [217]. The upper critical field of CeNiGe3 at
zero temperature was found to increase significantly under ap-
plied pressure from Hc2(0) ≃ 0.02 T at 1.9 GPa to Hc2(0) ≃ 1.56
T at 6.8 GPa [217]. The initial slope of the upper critical field
experiences a comparable increase from (dHc2/dT )Tc

≃ -0.24
T/K at 1.9 GPa to (dHc2/dT )Tc

≃ -10.8 T/K at 6.8 GPa [217].
Below 3.4 GPa, superconductivity is orbitally-limited, but it is
probably paramagnetically-limited in the higher pressure dome
[217]. Though the question of whether superconductivity at
higher pressure is bulk remains an outstanding issue, the large
observed value of (dHc2/dT )Tc

≃ -10.8 T/K at 6.8 GPa and the
appearance of superconductivity in the vicinity of a suppressed
antiferromagnetic phase are consistent with the usual signatures
of heavy-fermion superconductivity.

The compound Ce2Ni3Ge5 crystallizes with orthorhombic
space group Ibam [218]. A Sommerfeld coefficient of γ ≃
90 mJ mol-Ce−1 K−2 is obtained [219], and antiferromagnetic
order, characterized by phase transitions at TN,1 = 5.1 K and
TN,2 = 4.5 K, is exhibited by Ce2Ni3Ge5 [219, 218]. The mag-
netic entropy recovered at TN,1 is S mag ≃ 0.67R ln 2, which is
reduced slightly from the expected S mag for a doublet ground
state because of the Kondo effect [219]. A neutron diffraction
study on a polycrystalline sample of Ce2Ni3Ge5 was only able
to resolve the transition at TN,1 and obtained ordered moments
of 0.4(1) µB/Ce at 1.4 K, polarized antiparallel to one another
along the a axis [218]. Under applied pressure, TN,1 is sup-
pressed, vanishing completely near 3.9 GPa; it was not possible
to track TN,2 as a function of applied pressure due to broaden-
ing of the feature associated with this transition [220]. Near
3.9 GPa, a dome of superconductivity is observed with maxi-
mum Tc ≃ 0.26 K (defined by the onset) [220]. At 3.6 GPa,
an upper critical field of Hc2(0) ≃ 0.7 T is measured at 0 K
and the initial slope is (dHc2/dT )Tc

≃ -8 T/K [220]. This value
of Hc2(0) slightly exceeds the Pauli paramagnetic limiting field,
estimated to be Hp0 ≃ 0.48 T, but is roughly a factor of 2 smaller
than the estimate for H∗

c2(0) ≃ 1.4 T. This result implies that su-
perconductivity in Ce2Ni3Ge5 is paramagnetically-limited, and
the enhanced values of γ and (dHc2/dT )Tc

suggest that heavy
quasiparticles participate.

The final compound we will discuss in this section is
CePd5Al2. Following the discovery of superconductivity in
the isostructural compound NpPd5Al2 [221] (see Section 4.3),
pressure-induced superconductivity was observed in this heavy-
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fermion compound. In CePd5Al2, two distinct antiferromag-
netic states are observed at ambient pressure that are character-
ized by TN,1 = 3.9 K and TN,2 = 2.9 K [222]. The Sommer-
feld coefficient value for CePd5Al2 is γ ≃ 56 mJ mol−1 K−2

at ambient pressure [222], which is consistent with modestly-
enhanced quasiparticle masses. Under applied pressure, TN,1

first increases and then decreases with increasing pressure up to
∼8-9 GPa [222]; in the vicinity of this critical pressure, a dome
of superconductivity is observed. The maximum Tc ≃ 0.57 K is
observed near 10.8 GPa and measurements of the upper critical
field values at this pressure with H ‖ c yield Hc

c2(0) ≃ 0.25 T
with initial slope (dHc

c2/dT )Tc
≃ -1.04 T/K [222]. This value

of Hc2(0) is roughly a factor of 2 smaller than the orbital limit,
estimated to be H

∗,c
c2 (0) ≃ 0.41 T using the values of Tc and

(dHc
c2/dT )Tc

. On the other hand, Hc2(0) << Hp0 ≃ 1 T, so
further investigations will be necessary to identify the primary
pair-breaking mechanism for superconductivity in CePd5Al2 in
a magnetic field.

3. U-based heavy-fermion superconductors

3.1. Introduction

Following the discovery of heavy-fermion superconductivity
in CeCu2Si2 in 1979 [1], four superconducting uranium com-
pounds with large γ values were identified in the time frame
1983-84: UBe13 (Tc = 0.9 K, γ = 1.0 J mol-U−1 K−2) [52],
U6Fe (Tc = 4.0 K, γ = 24 mJ mol-U−1 K−2) [225], UPt3 (Tc

= 0.54 K, γ = 450 mJ mol-U−1 K−2) [53], and U2PtC2 (Tc

= 1.5 K, γ = 75 mJ mol-U−1 K−2) [228]. These observations
quickly demonstrated that heavy-fermion behavior is a general
phenomenon that is not restricted to Ce-based compounds and
generated an enormous amount of interest in the physics of
heavy-fermion materials. Interestingly, Bucher et al. had al-
ready reported superconductivity in UBe13 [50]; however, the
superconductivity was attributed to filaments of uranium since
it persisted in high magnetic fields. Specific heat measurements
by Ott et al. showed that UBe13 displayed bulk superconduc-
tivity with an enormous value of γ [52] comparable with that
of CeCu2Si2. The compound U6Fe was already known to ex-
hibit superconductivity according to the work of Chandrasekar
and Hulm [265]. Magnetoresistance measurements by DeLong
et al. demonstrated that U6Fe has a rather large upper critical
field Hc2(T ) whose magnitude is consistent with its value of γ
[225]. The bulk superconductivity of UPt3 observed by Stewart
et al. [53] had not previously been reported.

The compounds UBe13 and UPt3 both exhibit unconventional
superconductivity in which the pairing of electrons is widely
believed to be mediated by magnetic interactions rather than the
electron-phonon interaction. The observation of superconduct-
ing properties with power-law temperature dependencies pro-
vides evidence for anisotropic superconductivity in which the
electrons are paired in states with angular momentum greater
than zero and the energy gap vanishes at points or on lines on
the Fermi surface. An example of the extraordinary properties
of the superconducting state in these materials is the upper crit-
ical field of UBe13. There is also evidence for multiple super-
conducting phases, presumably with different order parameter

symmetries, in U1−xThxBe13 and UPt3 under pressure or in an
applied magnetic field [266, 267, 268, 269].

3.2. Superconductivity coexisting with or on the border of an-

tiferromagnetic order

3.2.1. UM2Al3 (M = Ni, Pd)

Coexistence between superconductivity and antiferromag-
netic order was discovered in the heavy-fermion compounds
UPd2Al3 and UNi2Al3 in 1991 [236, 241]. The critical temper-
atures of Tc = 2 K and TN = 14 K for UPd2Al3 and Tc = 1.06 K
and TN = 4.6 K for UNi2Al3 are well-separated with Tc < TN

[236, 241]. Each compound forms with the same hexagonal
crystal structure described by space group P6/mmm. The U-U
separations of 4.186 Å and 4.018 Å for UPd2Al3 and UNi2Al3,
respectively, are well above the Hill limit [270] (∼3.4 Å), indi-
cating that the 5 f electron states from U4+ ions do not overlap
significantly, and are expected to exhibit a strongly-localized
character. However, hybridization with itinerant electron states
leads to some amount of itineracy of the 5 f electrons, the de-
gree of which is still a matter of debate for these compounds
[49]. The splitting of the U4+ J = 4 multiplet by the CEF
has been studied using magnetic susceptibility measurements
[271, 272]. Though the splitting energies are different, the en-
ergy level schemes are identical for both compounds; each has
a Γ4 singlet ground state with excited states, listed in order of
increasing energy, of a Γ1 singlet, Γ6 doublet, Γ5 doublet, Γ3 sin-
glet, and Γ5 doublet. The splitting between the ground and first
excited states is 33 K for UPd2Ni3 and 100 K for UNi2Al3, co-
inciding with local maxima in the magnetic susceptibility data
near 35 K and 100 K, respectively [271, 272].

Commensurate antiferromagnetic order at TN = 14 K (in
zero magnetic field) is observed in UPd2Al3, characterized by a
wave vector ~Q = (0, 0, 1/2) and an ordered magnetic moment of
0.85 µB/U [273]. The magnetic entropy released at TN is S mag

= 0.65R ln 2 [237]. In applied magnetic fields, several distinct
magnetic phases emerge that are discussed in detail in Ref. [49].
In contrast, the more itinerant character of the 5 f electron states
in UNi2Al3 results in an incommensurate SDW order at TN =

4.6 K, characterized by a wave vector ~Q = (1/2 ± δ, 0, 1/2)
where δ = 0.110(3) and a small ordered magnetic moment of
0.24(10) µB/U [274, 275]. This subtle phase transition produces
no feature in the electrical resistivity [276] and was missed en-
tirely in the first neutron-diffraction study of UNi2Al3 [273].
An entropy of S mag = 0.12R ln 2 is released at TN [241, 277]
that is consistent with the smaller ordered magnetic moment in
UNi2Al3.

At low temperature, strong electronic correlations lead to en-
hanced values of the Sommerfeld coefficient. For UPd2Al3, γ
= 210 mJ mol−1 K−2 is measured in the paramagnetic state and
γ = 150 mJ mol−1 K−2 is obtained in the temperature range
Tc < T < TN [236]. These values are comparable to γ = 120
mJ mol−1 K−2 obtained for UNi2Al3 in its normal state [241].
Using a simple single-band model and making other approxi-
mations, the enhanced masses of the quasiparticles were esti-
mated to be m∗/m0 ∼ 66 for UPd2Al3 and ∼70 for UNi2Al3
[236, 241].
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Table 3: Summary of properties of heavy-fermion superconductors including: space group of crystal structure; superconducting critical temperature Tc (asterisk
indicates superconductivity induced by applied pressure); Néel (TN ), Curie (TC), quadrupolar ordering (TQ), or hidden ordering temperature at ambient pressure;
Sommerfeld coefficient γ (reported in units of J mol−1 K−2); jump in specific heat at Tc, ∆C/γTc; type of nodes in the superconducting energy gap; upper critical
field values at zero temperature Hc2(0) (reported in units of T); and references from which tabulated results were obtained. When Hc2(0) values were only available
from studies on a polycrystalline sample, the value is denoted with †.

Compound Structure Tc (K) TN , TC , TQ (K) γ ∆C/γTc Nodes Hab
c2 (0) Hc

c2(0) References
CeCu2Si2 I4/mmm 0.6-0.7 0.9 1 1.4 Line 2.05 2.45 [1, 66, 73, 74]
CeCu2Ge2 I4/mmm 0.64∗ 4.15 0.2 2† [79, 64, 80]
CePd2Si2 I4/mmm 0.43∗ 10 0.065 0.7 1.3 [57, 58, 83, 84]
CeRh2Si2 I4/mmm 0.42∗ 36, 24 0.023 0.28† [82, 85, 86, 65]
CeNi2Ge2 I4/mmm 0.3 0.35 [90, 69]
CeIn3 Pm3m 0.19∗ 10.2 0.14 Line 0.45 0.45 [58, 223]
CeCoIn5 P4/mmm 2.3 0.25 4.5 Line 11.6 4.95 [96, 133]
CeRhIn5 P4/mmm 2.4∗ 3.8 0.43 4.2 9.7 16.9 [94, 139, 141]
CeIrIn5 P4/mmm 0.4 0.75 0.76 1.0 0.5 [97]
CePt3Si P4mm 0.75 2.2 0.39 0.25 Line 2.7 3.2 [206, 210]
CeIrSi3 I4mm 1.65∗ 5 0.12 9.5 45 [208, 214]
CeRhSi3 I4mm 1∗ 1.6 0.12 7 >30 [207, 213]
CeCoGe3 I4mm 0.69∗ 21, 12, 8 0.032 >30 [212, 209]
CeNiGe3 Cmmm 0.43∗ 5.5 0.045 1.56 [215, 216, 217]
Ce2Ni3Ge5 Ibam 0.26∗ 5.1, 4.5 0.09 0.7 [218, 219, 220]
CePd5Al2 I4/mmm 0.57∗ 3.9, 2.9 0.056 0.25 [222]
U6Fe I4/mcm 3.8 0.157 2.1 10∗ [224, 225, 226]
U2PtC2 I4/mmm 1.47 0.15 7.8 9.2 [227, 228, 229]
UBe13 Fm3c 0.95 1 2.5 Line 14 [52, 230]
UPt3 P63/mmc 0.53, 0.48 5 0.44 0.55, 0.27 Line, Point 2.1 2.8 [53, 231, 232, 233, 234]
URu2Si2 I4/mmm 1.53 17.5 0.07 0.93 Line 3 14 [55, 54, 235]
UPd2Al3 P6/mmm 2.0 14 0.21 1.48 Line 3.3 3.9 [236, 237, 238, 239, 240]
UNi2Al3 P6/mmm 1.06 4.6 0.12 0.4 0.9 0.35 [241, 242]
UGe2 Cmmm 0.8∗ 52 0.110∗ 0.2-0.3 Line [243, 244, 245, 246]
URhGe Pnma 0.25 9.5 0.164 0.45 2, 1.3 0.55 [247, 248]
UCoGe Pnma 0.6 2.5 0.057 1 Point 5 0.5 [249, 250, 251, 252, 253]
UIr P21 0.15∗ 46 0.049 [254, 255]
PrOs4Sb12 Im3̄ 1.85 0.5 3 Point 2.3 [32, 256, 257, 258]
PrTi2Al20 Fd3̄m 0.2, 1.1∗ 2.0 0.1 >3∗ [259, 260, 31]
PrV2Al20 Fd3̄m 0.05 0.6 0.09 0.3 0.014 [259, 62]
β-YbAlB4 Cmmm 0.08 0.15 0.15 0.025 [63, 261]
PuCoGa5 P4/mmm 18.5 0.077 1.4 Line [107, 262, 263]
PuRhGa5 P4/mmm 8.7 0.07 0.65 Line 27 15 [108, 262, 264]
NpPd5Al2 I4/mmm 4.9 0.2 2.33 Point 3.7 14 [221]
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Superconductivity occurs at Tc = 2 K and Tc = 1.06 K in
UPd2Al3 and UNi2Al3, respectively, and corresponding jumps
in the specific heat ∆C/γTc of 1.48 and 0.4 are observed at
their respective Tc’s [236, 237, 241]. The response of super-
conductivity in these compounds to applied pressure differ. In
UPd2Al3, Tc remains nearly unchanged for applied pressures
up to 6.5 GPa and is suppressed linearly for P > 6.5 GPa with
a gradual rate of dTc/dP ∼ -0.05 K/GPa [278]. In contrast, the
superconducting state of UNi2Al3 is suppressed at a relatively
rapid rate of dTc/dP ∼ -0.24(3) K/GPa under low applied pres-
sures [279]. The upper critical fields Hc2(T ) have been mea-
sured at ambient pressure in experiments on single crystals with
the field applied parallel and perpendicular to the basal plane
(parallel to a axis). Zero-temperature values for UPd2Al3 were
determined to be Ha

c2(0) = 3.3 T and Hc
c2(0) = 3.9 T with ini-

tial slopes of (dHa
c2/dT )Tc

≃ -4.6 T/K and (dHc
c2/dT )Tc

≃ -5.45
T/K [238, 242]. These Hc2 values are close to the Pauli para-
magnetic limiting field of Hp0 = 3.7 T and much smaller than
values for the orbital critical fields, estimated using the WHH
theory [59] to be H

∗,a
c2 (0) = 6.4 T and H

∗,c
c2 (0) = 7.6 T. There-

fore, the relatively isotropic upper critical fields for UPd2Al3
are paramagnetically-limited. This result can be contrasted with
the observation of significant anisotropy in Hc2(T ) for UNi2Al3,
which exhibits orbital limiting [242]. The upper critical fields
were determined to be Ha

c2(0) ≈ 0.9 T and Hc
c2(0) ≈ 0.35 T with

initial slopes of (dHa
c2/dT )Tc

≃ -1.14 T/K and (dHc
c2/dT )Tc

≃
-0.42 T/K [242]. When these are compared with estimated val-
ues for the paramagnetic limiting field, Hp0 = 0.18 T, and the
orbital critical fields, H

∗,a
c2 (0) = 0.79 T and H

∗,c
c2 (0) = 0.29 T, the

Hc2(0) values for UNi2Al3 suggest that orbital limiting is the
dominant pair-breaking mechanism in a magnetic field. Since
Hp0 < Hc2(0) ∼ H∗

c2(0), spin-triplet pairing may be present
in UNi2Al3. This possibility was also suggested in an early
study of Hc2(T ) curves on polycrystalline samples [276] and
27Al Knight shift measurements provide additional support for
spin-triplet pairing in UNi2Al3 [280].

Indirect probes of the superconducting energy gap symme-
try for UPd2Al3 and UNi2Al3 have obtained evidence for the
presence of nodes where ∆(~k) = 0. The observed temperature
dependence of the specific heat in the superconducting state of
UPd2Al3 goes as C = γT + AT 3 [237], indicating a residual
contribution to C/T at 0 K from ungapped states. This finding
is consistent with the presence of point nodes in ∆(~k), inferred
from C ∝ T 3 behavior [60]). On the other hand, angle-resolved
magnetothermal transport measurements support the presence
of a line node in ∆(~k) for UPd2Al3 [239]. NMR measurements
provide additional support for an anisotropic energy gap con-
taining a line node [240].

Tunneling measurements are extremely challenging to make
on heavy-fermion superconductors due to their short super-
conducting coherence lengths, which require extremely clean
sample surfaces to resolve a signal; however, tunneling spec-
troscopy measurements were successfully performed on epi-
taxial thin films of UPd2Al3 [281]. A strong coupling feature
between the charge carriers and an antiferromagnetic spin fluc-
tuation was observed in the tunneling conductivity of UPd2Al3

[281]; when this result is considered together with results from
neutron-spectroscopy measurements, a compelling argument
for spin-fluctuation mediated pairing in UPd2Al3 can be made
[281].

3.2.2. UPt3

The compound UPt3 is isostructural with the non-
superconducting heavy-fermion compound CeAl3 [9], forming
with the hexagonal space group P63/mmc. While searching
for evidence of strong spin fluctuations, bulk superconductiv-
ity was observed in UPt3 in 1984 at Tc = 0.54 K [53]. With
a measured γ value of 420-450 mJ mol−1 K−2 in the normal
state [282, 53, 233], UPt3 was quickly compared to the other
known heavy-fermion superconductors at the time (UBe13 and
CeCu2Si2). Effective quasiparticle masses of m∗/m0 = 187
and 240 were estimated from analysis of the upper critical
fields [283] and far infrared absorptivity [284], respectively,
while analysis of quantum oscillation studies obtained effective
masses as high as m∗/m0 = 120 [285, 286]. These enhanced
effective quasiparticle masses firmly classify UPt3 as a heavy-
fermion superconductor.

In its normal state, the magnetic susceptibility of UPt3 is
anisotropic, exhibiting Curie-Weiss behavior at high tempera-
tures [282] that is also observed in NMR measurements [287].
Studies conducted using numerous probes were initially unable
to detect any evidence for magnetic order in UPt3; however,
measurements of µSR [231] and neutron scattering were even-
tually able to resolve evidence for commensurate antiferromag-
netic order with a small ordered magnetic moment of 0.02 µB/U
[232]. The apparent absence of a feature near TN = 5 K in 195Pt
NMR [287] and specific heat [53, 233] measurements has led
some to suggest that magnetic order in UPt3 is relatively dy-
namic.

Evidence for multiple intrinsic superconducting phases in
UPt3, separated by 50-60 mK, was observed in high-resolution
specific heat measurements [233, 288]. Considering the results
from numerous studies, Joynt and Taillefer state that the two
transitions in UPt3 occur at T+c = 0.53 K with specific heat jump
∆C/γT+c ≃ 0.55 and T−c = 0.48 K with jump ∆C/γT−c ≃ 0.27
[289]. Fisher et al. noted that they could obtain roughly uni-
versal values ∆C/γTc ≃ 1 if they normalized the specific-heat
jump by the fraction of electrons contributing to the supercon-
ducting energy gap fs = (γ−γ0)/γwhere γ0 ∼ 56-265 mJ mol−1

K−1 (depending on the sample) is a residual electronic contri-
bution to specific heat at 0 K [233]. Studies of the specific heat
under applied magnetic field demonstrated that there are actu-
ally three distinct superconducting phases in UPt3, denoted A,
B, and C (see the H − T phase diagram in Fig. 9) [288].

Early studies on UPt3, prior to the discovery of distinct super-
conducting phases, observed significant anisotropy in the upper
critical fields Hc2(T ) [283]. In experiments performed as low as
150 mK, the measured Hc2(0) values exceeded the Pauli para-
magnetic limiting field, estimated to be Hp0 ≃ 0.957 T, by a
factor of nearly 2 and the presence of spin-orbit scattering (not
accounted for in the formula Hp0 ≃ 1.84Tc [71]) was invoked
as the explanation [283]. However, using the measured value
of (dHc2/dT )Tc

≃ -6.3 T/K and Tc, an orbital upper critical
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Figure 9: (Color online) The magnetic field-temperature (H−T ) phase diagram
for UPt3 for H ‖ c is displayed. Three distinct superconducting phases, de-
noted A, B, and C, are depicted. The theoretical superconducting energy gap
symmetry for each phase is shown schematically for the E2u theoretical model,
and the surrounding frames define the hexagonal crystal symmetry of UPt3.
The presence of nodes in the gaps is evident, and is most easily seen in the
cut-away schematic of the gap for phase B where the gap intersects the internal
sphere representing the Fermi surface (after Ref. [234]).

field of H∗
c2(0) = 2.27 T is estimated [283], which is not dis-

similar to Hc2(0) values. Measurements of Hc2(T ) for UPt3 to
lower temperatures demonstrated that the anisotropy, charac-
terized by H

‖
c2(T ) > H⊥

c2(T ) near Tc (where ‖ and ⊥ are relative
to the crystallographic c axis), reverses below ∼0.2 K so that
H
‖
c2(0) < H⊥

c2(0) [290]. With the discovery of multiple super-
conducting phases in UPt3 [233, 288], it was realized that each
phase has its own characteristic upper critical fields. Therefore,
the measured zero-temperature upper critical fields Hc2(0) are
associated with the C phase, while Hc2(T ≃ T+c ) values are
characteristic of the A phase [289]. The observed anisotropy of
Hc2(T ) in UPt3 is related to anisotropic mass enhancements of
the quasiparticles as confirmed in quantum oscillation studies
[286].

Measurements of the specific heat of UPt3 under applied
pressure demonstrated that the zero-magnetic field supercon-
ducting phases (A and B) are suppressed at different rates
(dT+c /dP ≃ −0.24(5) K/GPa and dT−c /dP ≃ −0.05(1) K/GPa)
with the two transitions merging at approximately 0.37 GPa and
419 mK [266]. The ordered magnetic moment from U ions is
suppressed by applying pressure, as determined in neutron scat-
tering experiments, vanishing near 0.3-0.4 GPa at 1.8 K [291].
This apparent correlation between the suppression of antiferro-
magnetic order and the emergence of a single superconducting

state strongly suggests that the subtle and dynamic antiferro-
magnetic order in UPt3 plays a role in the emergence of the
distinct superconducting states.

The coexistence of spin fluctuations and superconductivity
and the upper critical field results, namely Hc2(0) > Hp0,
both motivated early discussions of a possible p-wave order-
parameter symmetry for UPt3 [53, 283]. It has also been
claimed that the strong sensitivity of the superconducting prop-
erties to annealing and other sample synthesis conditions is con-
sistent with this possibility [53, 292]. Nodes in the supercon-
ducting energy gap are suggested by the observation of a con-
tribution to the specific heat in the superconducting state with
linear temperature dependence (i.e., C/T is non-zero as T →
0 K) and relatively small ∆C/γTc jumps in the specific heat at
T+c and T−c [233, 292]; both observations are consistent with un-
gapped electron states. The distinct nodal structures of the three
superconducting phases of UPt3, proposed based on a study of
the flux lattice using neutron scattering measurements, are de-
picted in Fig. 9 from Ref. [234]. The superconducting order pa-
rameter of UPt3 has been discussed in detail in Refs. [293, 289],
but it remains a subject of continued experimental interest and
attention. Recently, a complex order parameter for UPt3 was
observed through angle-resolved measurements of the critical
currents in Josephson tunnel-junction experiments; the results
were consistent with an E2u order-parameter symmetry with an
odd-parity triplet representation [294]. More recently, the polar
Kerr effect was observed only in the B phase of UPt3 (T < T−c
and H = 0 T), providing evidence for a complex-two component
order parameter and time-reversal symmetry breaking within
the B phase [295].

3.2.3. URu2Si2

The compound URu2Si2 is one of the most intriguing and
enigmatic heavy-fermion superconductors known. This com-
pound has the tetragonal ThCr2Si2 structure, which is shared
by many Ce-based heavy-fermion superconductors and a class
of Fe pnictide and chalcogenide high-temperature superconduc-
tors with the formula MFe2X2, where M is an alkali metal, al-
kaline earth, or lanthanide, and X is a pnictogen or chalcogen.

At ambient pressure, URu2Si2 exhibits two ordered phases:
a so-called “hidden order” (HO) phase below To = 17.5 K
and a superconducting phase below Tc = 1.5 K, which coex-
ist with one another [54, 55, 56]. The terminology “hidden
order” refers to the fact that the identity of the order param-
eter (OP) of the HO phase has eluded researchers for nearly
three decades. Based on an analysis of the mean-field like
anomaly in the specific heat of URu2Si2, two of the authors
and their coworkers [55] proposed a partial gapping scenario in
which the HO phase, conjectured to be a charge or spin density
wave (CDW or SDW), forms a gap of ∼130 K over ∼40% of
the Fermi surface, while the remainder of the Fermi surface is
gapped by the superconductivity that occurs at lower tempera-
ture. Energy gaps with comparable values have been extracted
from various physical properties including, for example, elec-
trical resistivity [296], optical conductivity spectra [297], and
scanning tunneling microscopy [298, 299]. Neutron scattering
experiments on URu2Si2 single crystal specimens revealed that
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the U ions exhibit antiferromagnetic order in the HO phase in
which the U magnetic moments are aligned along the c-axis
direction and have magnitudes of only 0.03 µB/U [300, 301].
However, the reduction in entropy associated with the HO tran-
sition is ∼ 0.2R ln 2 [55] is much larger than that which would
be expected for the ordering of such small U magnetic moments
(hence the terminology “hidden order”). An extensive review of
the hidden order, superconductivity, magnetism and other as-
pects of URu2Si2 can be found in a recent review article by
Mydosh and Oppeneer [302].

The delicate interplay of competing interactions in URu2Si2
can be “tuned” by varying control parameters such as pres-
sure, magnetic field, and composition of elemental substituents,
yielding a variety of correlated electron ground states. Upon the
application of pressure, URu2Si2 undergoes a first order transi-
tion [303] from the HO phase to a large moment antiferromag-
netic (LMAFM) phase at a critical pressure Pc, reported by var-
ious groups to lie in the range (0.5 - 1.5 GPa) [304]. The mag-
netic structure of the LMAFM phase, in which the magnetic
moment is ∼0.4 µB/U, is identical to the magnetic structure of
the HO phase [305, 302]. It is widely believed that the small
moment antiferromagnetic (SMAFM) order in the HO phase
is extrinsic and associated with a small volume fraction of the
LMAFM phase that is produced by local strains that increase
the c/a ratio over a critical value [306]. However, some re-
searchers believe that the SMAFM order in the HO phase is
intrinsic, since the onset of the SMAFM occurs at To and it
is observed in samples with different residual resistivity values
[307].

The application of a large magnetic field H results in a sup-
pression of the HO phase at H ≈ 35 T and the emergence
of several novel quantum phases that exhibit non-Fermi liq-
uid behavior [308]. The substitution of transition elements
for Ru from neighboring columns in the periodic table have
been found to suppress the HO and to generate other mag-
netic phases [309, 310, 311, 312], while substitution of ele-
ments from the same column of the periodic table have been
found to enhance the HO [311, 313, 314]. The substitution of
Rh generates LMAFM phases [312], while the substitution of
Mn, Tc and Re induces an itinerant heavy electron ferromag-
netic phase [309, 310]. Non-Fermi liquid characteristics in the
physical properties that persist deep into the ferromagnetic state
in the URu2−xRexSi2 system have been reported [315, 316].
The substitution of Fe and Os for Ru produces a large two-
fold enhancement of the HO/LMAFM phase boundary with a
“kink” at a critical substituent concentration that is apparently
associated with a transition from the HO to the LMAFM phase
[313, 314]. It has been suggested that the enhancement of the
HO/LMAFM phase boundary for Fe substitution is driven by
“chemical pressure” generated by substitution of smaller Fe
ions for Ru ions [313]; additional evidence supporting this in-
terpretation was presented in a recent study of specific heat and
neutron diffraction measurements on URu2−xFexSi2 single crys-
tals [317]. However, this argument cannot explain the enhance-
ment of the HO/LMAFM phase boundary upon substitution of
larger Os ions for Ru ions [311, 314].

URu2Si2 exhibits a type of unconventional d-wave spin-
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Figure 10: (Color online) Schematic of the Fermi surface (opaque) and super-
conducting energy gap structure (transparent) of URu2Si2 after Ref. [328].

singlet multiband superconductivity with two distinct supercon-
ducting energy gaps. The jump ∆C in the specific heat at Tc

decreases rapidly with pressure and is no longer detectable at
pressures within the HO phase [318, 319, 320]. Insofar as this
can be interpreted as a measure of bulk superconductivity, it in-
dicates that bulk superconductivity only occurs within the HO
phase and not in the LMAFM phase. In contrast, the resis-
tive superconducting transitions extend well into the LMAFM
phase, indicating that either filamentary superconductivity or
superconducting fluctuations extend into the LMAFM phase
[321].

Measurements of the specific heat in the superconducting
state at low temperatures reveal a T 2 dependence that is con-
sistent with line nodes in the energy gap [318, 292]. The 29Si
NMR relaxation rate, T1, varies as T 3 in the superconduct-
ing state at low temperature, which is also consistent with line
nodes [322, 323]. Point-contact spectroscopy measurements on
a URu2Si2 single crystal yield a superconducting energy gap
that is not consistent with BCS behavior and evidence for a
pseudogap between Tc = 1.37 K and 2 K [324]. Quantum
oscillation [325, 326, 327], electronic transport [328], specific
heat [329], and thermal conductivity [328] measurements in-
dicate that URu2Si2 is a multiband superconductor containing
a light spherical hole band and an anisotropic heavy electron
band. Angle-resolved thermal conductivity and specific heat
measurements have suggested two distinct superconducting gap
structures having different nodal topology with horizontal line
nodes in the hole band and point nodes in the electron band
(see Fig. 10) [328, 329, 330, 331]. From a symmetry group
analysis, a chiral d-wave state that breaks time-reversal sym-
metry has been proposed [328]. Evidence for time-reversal-
symmetry-breaking has recently been reported by Schemm et

al. [332]. There have been several studies of flux line lattice
melting phenomena in URu2Si2 polycrystals [333] and single
crystals [334].

3.3. Interplay of Ferromagnetic Order and Superconductivity

There are four U-based heavy-fermion compounds in which
the interplay between ferromagnetism and superconductivity
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plays a significant role: UGe2 [245], URhGe [247], UCoGe
[249], and UIr [254, 255]. The properties of these four heavy-
fermion superconductors are reviewed in this special issue of
Physica C in the article on ferromagnetic superconductors by
Andrew Huxley. Furthermore, the compound UIr crystallizes
with a noncentrosymmetric crystal structure, so its properties
are also covered in this special issue’s article on noncentrosym-
metric superconductors by F. Kneidinger et al.. However, in
addition to providing some pertinent information concerning
the superconducting and normal-state properties of these com-
pounds in Table 3, we would like to touch briefly on the com-
pounds UGe2 and UCoGe below.

3.3.1. UGe2

Ferromagnetic order with an ordered magnetic moment of
1.48 µB/U develops parallel to the short orthorhombic a axis
in UGe2 below TC = 52 K [243]. The effective magnetic mo-
ment, obtained from Curie-Weiss analysis of magnetic suscep-
tibility data, was determined to be 2.7 µB/U [243]; this value is
smaller than the saturation magnetic moment, which is consis-
tent with itinerant U 5 f electron states in UGe2 [49]. Analysis
of specific heat data at low temperature reveals that γ ≃ 32 mJ
mol−1 K−2, suggesting modestly-enhanced quasiparticle masses
in UGe2 [244]. A subtle feature is observed in ρ(T ) data at Tx ≈
25 K [335], below which, the ferromagnetic magnetic moment
increases, suggesting that there are actually two distinct fer-
romagnetic phases in UGe2 [336]. Under applied hydrostatic
pressure, both TC and Tx are suppressed monotonically. The
ferromagnetic phase transition below TC becomes first order
above ∼1.2 GPa [244] and TC extrapolates to 0 K near 1.6 GPa
[245, 244, 337]. The abrupt, first-order decrease of TC(P) at
the critical pressure is especially dramatic in measurements on
polycrystalline samples [338]. The other temperature scale, Tx,
is expected to vanish near 1.2 GPa; however, the suppression
is veiled by the emergence of a dome of superconductivity ex-
tending from near 1 GPa to 1.6 GPa with maximum Tc = 0.8 K
at ∼1.2 GPa [245, 244, 337]. Near 1.2 GPa, γ ≃ 110 mJ mol−1

K−2 [246], indicating a strong enhancement of the quasiparticle
masses relative to the ambient-pressure result. An enhancement
of γ(P) was observed in the pressure range where superconduc-
tivity emerges in polycrystalline samples [339]. The jump at
Tc in specific heat data, ∆C/γTc ≃ 0.2-0.3, observed under an
applied pressure of 1.13 GPa, is small but consistent with bulk
superconductivity [246].

The superconducting state of UGe2 resides completely
within the ferromagnetic phase, with each vanishing under an
applied pressure of 1.6 GPa [245, 244, 337]. This observa-
tion strongly suggests that ferromagnetic order and supercon-
ductivity do not merely coexist, but that the mechanism un-
derlying the emergence of superconductivity in UGe2 depends
upon the presence of ferromagnetic order. Attempts to elu-
cidate the nature of the electron pairing in UGe2 have led to
odd-parity equal-spin triplet pairing as the most promising can-
didate [49]. However, studies on polycrystalline samples of
UGe2 with ρ0 values at least an order of magnitude higher
than those in single crystalline samples were able to resolve
a pressure-temperature phase diagram [338] that is similar to

that in Refs. [245, 244, 337] (constructed from measurements
on single crystals) and includes robust, bulk superconductivity
as evidenced by jumps in specific heat at Tc [339]. These re-
sults may be inconsistent with a p-wave pairing symmetry for
superconductivity in UGe2, which should be extremely sensi-
tive to disorder, especially when the mean free path approaches
the coherence length. The small jump ∆C/γTc in specific heat
at Tc and a residual value of C/T as T → 0 K suggest that there
are nodes in the superconducting energy gap of UGe2 [246];
more specifically, line nodes are suggested [60] by the linear
temperature dependence of C/T in the superconducting state.

3.3.2. UCoGe

Unlike UGe2 [245] and URhGe [247], for which supercon-
ductivity resides deep within ferromagnetically-ordered states
with large ordered moments, superconductivity in UCoGe co-
exists with a weak itinerant ferromagnetic order. In poly-
crystalline samples of UCoGe and at ambient pressure, ferro-
magnetic order is observed below TC = 3 K with an ordered
magnetic moment of 0.03 µB/U (polarized along the c axis
[250]) with superconductivity being observed near Tc = 0.8 K
[249]. An effective magnetic moment from Curie-Weiss behav-
ior analysis of 1.7 µB/U is much larger than the ordered moment
and the magnetic entropy released at TC (S mag ≈ 0.03R ln 2)
is small; both results are consistent with weak itinerant fer-
romagnetic order [249]. µSR measurements demonstrate that
this weak ferromagnetism coexists with superconductivity on a
microscopic scale [340]. In measurements of specific heat, a
Sommerfeld coefficient γ = 57 mJ mol−1 K−2 is obtained, sug-
gesting that the effective quasiparticle masses are moderately-
enhanced, and a jump at Tc, ∆C/γTc ≃ 1, indicates that super-
conductivity in UCoGe is bulk [249]. The physical properties of
UCoGe are strongly sample-dependent [249] and high-quality
single crystals tend to have transition temperatures TC = 2.5 K
and Tc = 0.5-0.6 K [251, 253, 252].

Significant anisotropy was observed in the upper critical field
curves measured on single-crystalline samples of UCoGe [250].
The results include: large value of Hc2(0) ≃ 5 T for H||a, b;
large anisotropy, Ha

c2(0) ≃ Hb
c2(0) >> Hc

c2(0), of a factor ∼10;
a pronounced upturn of Hc2(T ) with decreasing temperature
along all three principle axes [250]. The upper critical fields
Hc2(T ) along H||a, b significantly exceed the Pauli paramag-
netic limit. The anisotropy and values of Hc2(0) provide evi-
dence for spin-triplet pairing and a superconducting gap with
axial symmetry and point nodes along the c axis [250]. Neu-
tron scattering measurements also suggest nodes are present in
the superconducting energy gap along the c axis [341]. Angle-
resolved NMR measurements on UCoGe demonstrate that mag-
netic fields applied along the c-axis strongly suppress critical
ferromagnetic spin fluctuations [342, 253], and this suppression
is believed to be intimately coupled to the unusual anisotropic
behavior of Hc2(T ) in UCoGe [253]. Furthermore, it has been
suggested that the critical ferromagnetic spin fluctuations with
Ising anisotropy may mediate spin-triplet superconductivity in
UCoGe [253].

Under applied pressure, TC is suppressed at a rate of -
1.4 K/GPa, while Tc is relatively unaffected up to 2.4 GPa
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as it traces out a superconducting dome with weak curvature
[343, 251]. In studies on a single crystal, ferromagnetic order is
completely suppressed near 1.4 GPa, and unlike in the other fer-
romagnetic superconductors, superconductivity in UCoGe per-
sists into the paramagnetic state at pressures above 1.4 GPa
[251]. From symmetry considerations, it is expected that the
superconductivity in the paramagnetic state is distinct from the
superconducting state that coexists with weak itinerant ferro-
magnetism below 1.4 GPa [251]. The spectacular enhancement
of the Hc2(T ) curves under applied pressure is certainly con-
sistent with such a scenario [251]. Spin-triplet pairing and the
presence of a ferromagnetic quantum critical point near 1.4 GPa
are strongly implied by these results. It may also be possible
to access such a quantum critical point via chemical substi-
tution as has been reported near x = 0.22 in the alloy system
UCo1−xFexGe [344].

3.4. U6T, U2PtC2, and UBe13

As we did in Section 2, we conclude our discussion of U-
based heavy-fermion superconductors with three examples that
do not fall neatly into the categories of residing near or coex-
isting with antiferromagnetic or ferromagnetic order. The first
is a family of isostructural compounds U6T (T = Mn, Fe, Co,
Ni), the second is the compound U2PtC2, and the third is the
compound UBe13.

The compounds U6T (T = Mn, Fe, Co, Ni) are among the
earliest superconducting compounds comprised of magnetic 3d

transition metals to be discovered [265]. Hill and Matthias
[345] observed that the dependence of the Tc of pseudobinary
U6T1−xT′x alloys on the d-element valence electron count is
strikingly similar to the “Slater-Pauling” curve that describes
the variation of the saturation magnetic moment with electron
density for T1−xT′x transition-metal alloys. This led them to
speculate that a “magnetic mechanism” was responsible for the
superconductivity of the U6T compounds [345]. This intriguing
suggestion foreshadowed the current interpretation concerning
the pairing mechanism of many unconventional superconduc-
tors. Subsequent measurements of the specific heat, magnetic
susceptibility, and the upper critical magnetic field [225, 224],
revealed that U6Fe and U6Co are moderately heavy Fermi-
liquid systems with electronic effective masses m∗/m0 ≃ 20.
These properties have led many to compare U6Fe with UPt3
and UBe13 and count it among the heavy-fermion supercon-
ductors [346]; however, this interpretation is not universally ac-
cepted, and many consider U6Fe (Tc ≃ 3.8 K) and the Pu- and
Np-based superconductors (see Section 4.3) to constitute links
between heavy-fermion superconductors and other unconven-
tional superconductors such as the cuprates.

Superconductivity was reported in the compound U2PtC2

with Tc = 1.47 K by Matthias et al. [227]. Subsequent stud-
ies demonstrated that there is no magnetic order in U2PtC2

[228, 229]; though, evidence for strong ferromagnetic fluctua-
tions has been obtained in the superconducting state from mea-
surements of a modified Korringa law in the spin-lattice relax-
ation rate 1/T1 [229]. The properties of U2PtC2 have been used
to place it in an intermediate position between U6Fe and the un-
ambiguous heavy-fermion compounds UPt3 and UBe13 [228].
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Figure 11: Upper critical field curve for UBe13, Hc2(T ), after Ref. [347].

Specific heat measurements confirm bulk superconductivity by
observing a jump at Tc [228, 348] and provide a Sommerfeld
coefficient of γ = 75 mJ mol-U−1 K−2 [228]. This value of
γ, which is consistent with moderately-enhanced quasiparticle
mass, has been used to demonstrate a possible correlation be-
tween γ and the U-U separation for U-based superconducting
compounds [228]. With increasing pressure, the electrical re-
sistivity in the normal state just above Tc decreases, and Tc is
suppressed linearly at a rate of dTc/dP ≃ -0.53 K/GPa [349].
Early measurements of the upper critical fields on polycrys-
talline samples found a large initial slope of (dHc2/dT )Tc

≃ -9
T/K [228]. More recent measurements of Hc2(T ) indicate that
Hc

c2(0) ≃ 7.8 T and Hab
c2 (0) ≃ 9.2 T [229]; these values signifi-

cantly exceed the estimated Pauli limiting field of Hp0 ≃ 2.7 T,
but are comparable to the orbital upper critical field H∗

c2(0) ≃
10.2 T [229], estimated using the WHH theory [59].

When Hc2(0) >> Hp0 as it is in U2PtC2 [229], the possibility
of spin-triplet pairing can be considered. NMR measurements
of the 195Pt nucleus in U2PtC2 samples observe a temperature-
independent Knight shift, which is consistent with spin-triplet
pairing [229]. Furthermore, 1/T1 data follow a T 2 temperature
dependence in the superconducting state, which is consistent
with nodes in the energy gap. On the other hand, strong spin or-
bit scattering can also increase the paramagnetic limiting field
and reduce the Knight shift of a spin-singlet superconductor.
Moreover, a recent study of the system U2Rh1−xPtxC2 (the com-
pound U2RhC2 is an itinerant antiferromagnet with TN ≃ 22 K)
provides results that are difficult to reconcile with unconven-
tional superconductivity in U2PtC2 [348]. Chemical substitu-
tion of Pt with Rh suppresses Tc, but not as rapidly as expected
for a superconductor with spin-triplet pairing, which should be
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extremely sensitive to the presence of nonmagnetic impurities
[348]. Superconductivity is surprisingly robust, persisting from
x = 1 to x = 0.9 (10% Rh), where the estimated mean free path is
comparable to the estimated superconducting coherence length
(i.e., l ≈ ξ) [348]. In such cases, superconductivity is predicted
to be completely suppressed, but Tc is only reduced from 1.45
K at x = 1 to 1.09 K at x = 0.9 [348]. This insensitivity of Tc

to impurities is hard to understand in the context of any non-s-
wave type pairing [348], and suggests that additional research
must be conducted on U2PtC2 to characterize its superconduct-
ing state.

The properties of the heavy-fermion compound UBe13 are
quite extraordinary and bear some similarities with those of
CeCu2Si2. A particularly noteworthy example is the Sommer-
feld coefficient γ = C(T )/T , which increases with decreasing
temperature and reaches an enormous value of ∼1 J mol−1 K−2

just above Tc ≃ 0.9 K, below which UBe13 is superconduct-
ing. The specific heat jump ∆C at Tc is of the order of γTc,
which demonstrates that the heavy quasiparticles responsible
for the large value of γ in the normal state are also involved in
the superconductivity. The magnetic susceptibility has a Curie-
Weiss-like temperature dependence at high temperatures, but
approaches a constant value χ(0) as T → 0 K, indicative of a
nonmagnetic ground state. Moreover, the value of χ(0) is con-
sistent with the large value of γ; i.e., the Wilson-Sommerfeld
ratio is of order unity. Magnetic penetration depth measure-
ments on UBe13 yield a T 2 temperature dependence at low tem-
perature, consistent with an axial state with point nodes in the
energy gap [350]. In contrast, NMR measurements [351] re-
veal relaxation rates that are proportional to T 3 at low tem-
peratures, indicative of a polar state with line nodes. How-
ever, NMR measurements yield T 3 behavior for nearly all other
heavy-fermion superconductors, as noted by Heffner and Nor-
man [267]. The upper critical field curve Hc2(T ) of UBe13,
shown in Fig. 11, has a very unusual shape. The value of the
initial slope (dHc2/dT )Tc

≃ -42 T/K, is enormous and consis-
tent with the large quasiparticle effective mass m∗/m0 ≃ 300
[347]. The Hc2(T ) curve rolls over and then exhibits another
linear region below 0.7 K, with a smaller slope of dHc2/dT ≃
- 9.1 T/K, that persists to very low temperatures of the order of
50 mK [347].

Chemical substitution of Th for U in UBe13 yields a striking
T − x phase diagram, based on specific heat and other mea-
surements, some of which reveal a region with multiple phase
transitions; these phases consist of at least two superconduct-
ing regions, which appear to correspond to different types of
superconductivity [267]. Additional evidence for the existence
of two distinct types of superconductivity, presumably with
different order parameter symmetries, are provided by mea-
surements of Tc under pressure on samples of U1−xThxBe13

(see Fig. 12(a)) [268] and measurements of Hc2(T ) for Gd-
substituted samples of U1−xThxBe13 with different values of x

[352] in these two superconducting regions. The properties of
this remarkable heavy-fermion superconductor are summarized
in several reviews to which the reader is referred for further in-
formation [267, 269].
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Figure 12: (Color online) (a) Superconducting critical temperature Tc for
U1−xThxBe13 as a function of x for several applied pressures (explicitly labeled
in units of kbar). Lines are guides to the eye. (b) Tc for U1−x MxBe13 (M = La,
Lu, Th) at ambient pressure from measurements of ac magnetic susceptibility.
The data for M = Th (filled triangles and crosses) are from two independent
studies. Plus symbols represent a feature in measurements of specific heat for
M = Th samples that indicates a second phase transition within the supercon-
ducting state. Adapted from Ref. [268].

4. Pr-, Yb-, Pu-, and Np-based heavy-fermion supercon-

ductors

4.1. Pr-based compounds

Compared with Ce-, U-, and Yb-based compounds, not many
Pr-based heavy-fermion compounds are currently known. A
brief description of the necessary materials design it required to
discover the first Pr-based heavy-fermion compound, PrInAg2

[30], is provided in Ref. [353]. The main impediment to the
formation of a heavy-fermion ground state in Pr-based com-
pounds is that Pr is a non-Kramer’s ion and, for most point
symmetries, the singlet ground state that is observed does not
supply the necessary degeneracy. A Γ3 doublet ground state
is observed in a few Pr-based heavy-fermion compounds and
only occurs when Pr occupies a crystallographic position with
cubic point group symmetry. Interestingly, Γ3 is nonmagnetic,
so the heavy-fermion states in these compounds must have a
nonmagnetic origin. It is the localized electric quadrupolar mo-
ments, associated with the Γ3 doublet ground state, that play a
role analogous to the localized magnetic moments in conven-
tional heavy-fermion compounds, and they can form a Kondo
lattice through the two-channel or quadrupolar Kondo effect
[27, 28, 29]. Therefore, it is the interplay between quadrupolar
degrees of freedom and superconductivity that is typically of
interest in Pr-based heavy-fermion superconductors.

4.1.1. PrOs4Sb12 and PrPt4Ge12

The compound PrOs4Sb12 is the first Pr-based heavy-fermion
superconductor reported and one of the most notable filled skut-
terudite compounds. This compound has a large electronic spe-
cific heat coefficient γ of ∼500 mJ mol−1 K−2 [32, 354]. The
specific heat jump at the superconducting critical temperature
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Tc shows an unusual double peak feature, which has been ob-
served in numerous studies [354, 258, 355]. The ground state
of Pr in the CEF is a singlet, which is separated from a low
lying triplet first excited state by only ∼7 K [356, 357, 358].
Various types of measurements in high magnetic fields prob-
ing the normal state properties have revealed the existence of
a high-field ordered phase (see Fig. 13) [359, 360, 361, 362],
which was determined by means of neutron diffraction ex-
periments in high magnetic fields to be an antiferroquadrupo-
lar ordered phase [363]. Since PrOs4Sb12 has a nonmagnetic
ground state, it has been conjectured that the superconduct-
ing electron pairing may be mediated by quadrupolar fluctua-
tions [357]. Experiments that probe the superconducting en-
ergy gap have provided evidence for both nodal and nodeless
energy gaps in PrOs4Sb12. Transverse muon spin rotation (TF-
µSR) experiments yielded a temperature dependence of the
penetration depth λ for PrOs4Sb12 that is consistent with an
isotropic energy gap [364]. However, scanning tunneling mi-
croscopy measurements observed a gap that was open in large
regions, discounting the possibility of line nodes [365], zero-
field microwave penetration depth measurements revealed be-
havior best described with point nodes in the superconducting
energy gap [256], and small-angle neutron scattering experi-
ments reported distortions in the flux-line lattice that were at-
tributed to gap nodes [366]. Thermal transport measurements
on single crystals carried out as a function of magnetic field di-
rection revealed two different superconducting phases. The en-
ergy gap has four or more point nodes at high fields (A phase),
while it has two point nodes at the low fields (B phase) [257].
More recent studies also suggest that PrOs4Sb12 is a multiband
superconductor [367, 368, 369, 370]. Muon-spin relaxation
measurements on PrOs4Sb12 provide evidence for time-reversal
symmetry breaking [371]. The magnetic field H vs temperature
T phase diagram of PrOs4Sb12 is shown in Fig. 13.

A new class of filled skutterudites of the form RPt4Ge12 has
recently been synthesized [372, 373], opening up an entirely
new direction for filled skutterudite research. Several members
of this new class exhibit superconductivity (R = Sr, Ba, Th, La,
Pr) where the R = Pr member has one of the highest values
of Tc of ∼7.9 K [373]. Recent investigations have suggested
that PrPt4Ge12 exhibits a type of strongly-coupled unconven-
tional superconductivity that has point nodes in the energy gap
[374] and breaks time-reversal symmetry [375]. More recent
studies suggest that PrPt4Ge12 is a multiband superconductor
[376, 377, 378]. It was also recently demonstrated that intro-
ducing magnetic Ce impurities through chemical substitution
for Pr either rapidly suppresses one of the energy gaps or in-
duces a crossover from a nodal to nodeless gap symmetry [379].
It is interesting that both PrPt4Ge12 and PrOs4Sb12 exhibit sim-
ilar types of multiband unconventional superconductivity, but
display striking differences in electronic structure. The CEF
splitting δ between the Pr ground state singlet and triplet first
excited state in the two compounds differs by an order of mag-
nitude; δ ≈ 7 K for PrOs4Sb12 [356, 357] and δ ≈ 130 K
for PrPt4Ge12 [373, 374, 380]. The electronic correlations are
rather strong in PrOs4Sb12 as evinced by the large electronic
specific heat coefficient γ ∼ 500 mJ mol−1 K−2, whereas they
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Figure 13: Magnetic field vs. temperature (H-T ) phase diagram for PrOs4Sb12
showing the high-field ordered phase, designated HFOP in the figure, which has
been identified with antiferroquadrupolar order [363], and the superconducting
phase (after Refs. [361, 356]).

are considerably weaker in PrPt4Ge12 as reflected in the much
smaller value of γ ∼ 60 mJ mol−1 K−2 [373].

4.1.2. Superconductivity in PrT2X20 compounds

Interest has been steadily growing in members of the RT2X20

(R = rare earth; T = transition metal; X = Al, Zn, Cd) fam-
ily of compounds that adopt the CeCr2Al20-type crystal struc-
ture characterized by space group Fd3̄m. Superconductivity
was first observed in 2010 among the “1-2-20” compounds,
including at Tc ≃ 0.05 K in PrIr2Zn20 [381]. Measurements
of the specific heat of PrIr2Zn20 at low temperature reveal a
C/T ≃ γ value of ∼5 J mol−1 K−2 at 0.4 K [381, 382], which
was interpreted as evidence for heavy-fermion superconductiv-
ity in this compound. PrIr2Zn20 exhibits Curie-Weiss behavior
for T > 30 K in magnetic susceptibility χ(T ) measurements
with µe f f ≃ 3.49(2) µB/Pr (associated with paramagnetic Pr3+

ions) [381, 382]; however, analysis of χ(T ) data at low temper-
ature and of a Schottky anomaly in specific heat data provided
compelling evidence that is consistent with a Γ3 nonmagnetic
Kramers doublet ground state in PrIr2Zn20 [382]. Inelastic neu-
tron scattering measurements later confirmed this hypothesis,
obtaining a Γ3 (Γ4) ground state (first excited state) split by
∼30 K [383]. The measured crystal-field excitations are very
clear, indicating there are well-localized 4 f electron states that
have not been broadened by correlation effects as typically oc-
curs in Kondo systems [383]. This observation suggests that
any heavy-fermion behavior in PrIr2Zn20 must originate from
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nonmagnetic degrees of freedom. The Γ3 ground state carries
nonmagnetic quadrupolar degrees of freedom, and antiferro-
quadrupolar order is observed at TQ ≃ 0.11 K [382]; super-
conductivity emerges from within this ordered state (Tc < TQ)
[382]. The entropy released at TQ is only 0.2R ln 2, indicat-
ing that quadrupolar fluctuations could play an important role
in the formation of Cooper pairs [382]. However, extremely
low upper critical field values with upper limit Hc2(0) < 20
Oe are observed and cyclotron effective masses of order m0 are
obtained in quantum oscillation measurements [384], indicat-
ing that Cooper pairs are not formed from heavy quasiparti-
cles in PrIr2Zn20. Though it is probably not a heavy-fermion
compound, uncovering superconductivity in PrIr2Zn20 (and in
the related compound PrRh2Zn20 at Tc ≃ 0.06 K [385]) set the
stage for the discovery of heavy-fermion superconductivity in
other Pr-based 1-2-20 compounds with Γ3 ground states.

A nonmagnetic non-Kramers Γ3 doublet ground state is
also observed in the compound PrTi2Al20. The well-localized
quadrupoles associated with this Γ3 ground state order at TQ ≃
2.0 K [259]. A large feature is observed at TQ in the specific
heat and a corresponding entropy of nearly R ln 2 is recovered
at TQ; the low-temperature entropy and χ(T ) behavior are con-
sistent with a Γ3 ground state [259]. The specific heat feature at
TQ broadens under applied magnetic field, suggesting that or-
der is possibly ferroquadrupolar in nature [259]. This hypoth-
esis was confirmed in ultrasound measurements of PrTi2Al20

that directly probe the quadrupolar susceptibility [386]. Curie-
Weiss behavior is observed in χ(T ) data for T > 250 K, char-
acterized by ΘCW ≃ -40 K and µe f f ≃ 3.43 µB/Pr [259]. Such
a large ΘCW could not be associated with the RKKY energy
scale and must instead characterize a Kondo energy scale asso-
ciated with the excited multiplet states. At lower temperature,
a Kondo resonance is observed at ǫF in resonant photoemission
spectroscopy measurements [387], and the ρ(T ) ∼ T 2 behavior
for TQ . T . 20 K and enhanced value of the Sommerfeld
coefficient γ ≃ 100 mJ mol−1 K−2 all suggest that PrTi2Al20

is a moderately-heavy Fermi liquid system [260]. This inter-
pretation is supported by estimating the Kadowaki-Woods ratio
A/γ2 ≃ 3.3 × 10−6 µΩ cm K2 mol2 mJ−2 [260], which is com-
parable to the quasi-universal values exhibited by heavy Fermi-
liquid systems [20, 21].

Superconductivity with Tc ≃ 0.2 K emerges in PrTi2Al20

at ambient pressure out of this ferroquadrupolar ordered state
[260]. A volume fraction of ∼60% was obtained in zero-
field cooled measurements of χ(T ), which suggests that su-
perconductivity is bulk [260]. The upper critical field value
was measured with H ‖ [110] in this cubic compound to be
Hc2(0) ≃ 6 mT [260]. The upper critical field curve Hc2(T )
agrees with a calculation from WHH theory for orbital lim-
iting except near Tc where the experimentally measured ini-
tial slope (dHc2/dT )Tc

is slightly smaller than the best-fit value
(dHc2/dT )Tc

≃ -47 mT/K [260]; this discrepancy could be re-
lated to a multigap scenario for superconductivity in PrTi2Al20

[260]. The WHH theory predicts H∗
c2(0) ≃ 6.3 mT, which

agrees much better with the measured Hc2(0) value than the es-
timated Pauli paramagnetic limit of Hp0 ≃ 335 mT [260]. From
analysis of the Hc2(T ) curve, the effective quasiparticle mass is

estimated to be m∗/m0 ∼ 16, which is consistent with a moder-
ate mass enhancement [260].

An effort was made to enhance the hybridization strength in
PrTi2Al20 and to induce a quadrupolar Kondo effect by apply-
ing pressure [31]. With increasing pressure, TQ(P) traces out
a weak dome with maximum near 6 GPa and superconductiv-
ity emerges above 6.7 GPa [31]; the observed dome of super-
conductivity has maximum Tc ≃ 1.1 K at 8.7 GPa [31]. This
pressure-induced superconducting state is distinct from the su-
perconductivity observed at ambient pressure (Tc ≃ 0.2 K) and
emerges from a much heavier Fermi-liquid state [31]. These
phases can be seen in Fig. 14(a). Bulk superconductivity in
PrTi2Al20 was suggested by a large diamagnetic response in
measurements of ac magnetic susceptibility and confirmed by a
jump at Tc in the specific heat under applied pressure [31]. At
8.7 GPa, the upper critical field is Hc2(0) > 3 T with a large
initial slope (dHc2/dT )Tc

≃ -6.0 T/K (see Fig. 14(b)) [31]. The
orbital limiting field is estimated using WHH theory [59] to be
H∗

c2(0) ≃ 4.7 T [31], which exceeds the Pauli limit of Hp0 ≃
2 T. Using the upper critical field values at 8.7 GPa, an effec-
tive mass of m∗/m0 ∼ 106 is estimated [31], unambiguously
confirming the heavy-fermion character of superconductivity in
PrTi2Al20 under applied pressure. The electrical resistivity in
the normal state exhibits a robust T 3 temperature dependence
that may be a consequence of fluctuations of quadrupolar order
[31]. It is possible that the heavy-fermion superconductivity
in PrTi2Al20 may emerge in the vicinity of a quantum critical
point associated with the suppression of ferroquadrupolar or-
der where strong fluctuations arise due to competition between
quadrupolar order and the quadrupolar Kondo effect [31].

PrV2Al20 is another 1-2-20 compound that exhibits a non-
magnetic Γ3 non-Kramers doublet ground state. In contrast to
PrTi2Al20, stronger hybridization in PrV2Al20 leads to heavy-
fermion behavior at ambient pressure. Quadrupolar order is ob-
served at TQ ≃ 0.6 K that is sensitive to sample purity [259];
two clear and distinct transitions are observed at TQ ≃ 0.75 K
and T ∗ ≃ 0.65 in samples with residual resistivity ratio (RRR)
> 7, leading to speculations regarding the possibility of order
from octapolar degrees of freedom as well [62]. A broad fea-
ture is observed in the specific heat of PrV2Al20 and the corre-
sponding entropy is found to be ∼ (R/2) ln 2 at TQ [259, 62].
The response of this feature to applied magnetic field is consis-
tent with antiferroquadrupolar order [259]. Curie-Weiss analy-
sis of χ(T ) data at high temperature yields ΘCW ≃ -55 K with
µe f f ≃ 3.57 µB/Pr [259]. A large Kondo energy scale is im-
plied by the value of ΘCW . Non-Fermi liquid behavior is ob-
served for T > TQ in the low-temperature physical proper-
ties including C/T ∼ T−3/2, χ(T ) ∼ −T 1/2, and ρ(T ) ∼ T 1/2

temperature dependencies [259]. These behaviors are consis-
tent with predictions for the two-channel or quadrupolar Kondo
effect [27, 28, 29], and this possibility is strengthened by the
(R/2) ln 2 entropy released at TQ [62]. The ρ(T ) ≃ T 1/2 be-
havior was observed in samples with a wide-range of purity,
indicating that this state is robust (i.e., in contrast to supercon-
ductivity) [259]. Partial quenching of the quadrupole moment
is manifested in the feature in the specific heat at TQ which is
weaker than the corresponding feature in PrTi2Al20. The Som-
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Figure 14: (Color online) (a) Temperature-pressure (T − P) phase diagram for PrTi2Al20. Unfilled circles and squares represent Tmax, determined from the maxima
in electrical resistivity measurements, and the ferroquadrupole (FQ) ordering temperature TQ, respectively. A dome of pressure-induced superconductivity (SC) is
observed with maximum near 9 GPa and the Tc values are obtained from electrical resistivity (filled circles), ac magnetic susceptibility (filled triangles), and specific
heat (filled squares) measurements, respectively. The inset displays the cubic crystal structure of PrTi2Al20. (b) The upper critical fields Hc2(T ) for PrTi2Al20
under applied pressures of 6.7 GPa, 7.7 GPa, and 8.7 GPa, where Tc was determined from the temperature where the electrical resistivity vanishes. The increase
of (dHc2/dT )Tc with increasing pressure is dramatic. (c) Hc2(T ) for single crystals of PrV2Al20 and PrTi2Al20 (at ambient pressure) with H ‖[110]. The square,
diamond, circle, and triangle data points are determined from measurements of ac-susceptibility, ac-susceptibility with a SQUID, electrical resistivity, and specific
heat, respectively. The solid lines represent fits based on the WHH model [59] for the orbital critical field. The inset displays the real part of the ac-susceptibility
for PrV2Al20 under various magnetic fields and the arrows indicate Tc values. Panels (a) and (b) are adapted from Ref. [31] and panel (c) is from Ref. [62].

merfeld coefficient value is γ ≃ 90 mJ mol−1 K−2 [62], which
is modestly enhanced and consistent with the relatively strong
hybridization in PrV2Al20.

From this anitferroquadrupolar ordered heavy-fermion state,
superconductivity is observed at ambient pressure with Tc ≃
0.05 K in samples with high purity (RRR ∼ 19) [62]. Super-
conductivity is not observed in samples with RRR < 5, sug-
gesting that superconductivity in PrV2Al20 is unconventional
[62]. Magnetic susceptibility measurements indicate supercon-
ducting volume fractions are as large as 82% and a jump in the
specific heat at Tc of ∆C/γTc ≃ 0.3 [62] both act to confirm
the bulk nature of superconductivity in PrV2Al20. The upper
critical field at zero temperature is estimated to be Hc2(0) ≃
14 mT with an initial slope of (dHc2/dT )Tc

≃ -0.41 T/K (see
Fig. 14(c)), and it appears to follow a Hc2(T ) curve calculated
using WHH theory [62]. This observation indicates that Cooper
pairs are probably orbitally limited. The value of (dHc2/dT )Tc

for PrV2Al20 is an order of magnitude larger than the cor-
responding value in PrTi2Al20 at ambient pressure [260], in-
dicating that quasiparticles have a significantly heavier effec-
tive mass. An enhanced effective mass of m∗/m0 ∼ 140 for
PrV2Al20 is estimated using the upper critical field [62], which
is comparable to that of PrTi2Al20 under an applied pressure
near 8 GPa [31]. This similarity suggests that PrV2Al20 may
also be in close proximity to a quantum critical point associ-
ated with quadrupolar order [62]. If this hypothesis is correct,
the pairing mechanism for superconductivity in PrTi2Al20 and
PrV2Al20 is probably the same and is likely associated with
quadrupolar fluctuations.

This family of compounds that adopt the CeCr2Al20-type
crystal structure has been a fertile reservoir of new Pr-based

heavy-fermion superconductors so far. The exciting recent
discovery of Cd-based 1-2-20 compounds [388, 389] includes
PrNi2Cd20 and PrPd2Cd20, which are currently being studied to
ascertain whether heavy-fermion superconductivity associated
with potential Γ3 ground state [390] might also be observed.
Regardless of the outcome of those studies, it appears that the
point-group symmetry of the crystallographic site filled by the
Pr ion and the other properties arising from the crystal struc-
ture, make the 1-2-20 compounds an excellent place to search
for new Pr-based heavy-fermion superconductors.

4.2. Yb-based compound: β-YbAlB4

The trivalent Yb ion has a 4 f 13 electronic configuration, and
is therefore often considered to be the hole analogue of trivalent
Ce with its 4 f 1 electronic configuration. Naively, this similarity
combined with the propensity for valence instability would be
expected to produce similar Kondo physics in Yb compounds;
yet, the number of Yb-based heavy-fermion compounds is
far smaller than the number of Ce-based heavy-fermion com-
pounds. This interesting empirical fact was discussed by Fisk
and Maple who, based on the single Ce-based heavy-fermion
superconductor known at the time (CeCu2Si2), speculated that
there would not be many Yb-based heavy-fermion compounds
that also exhibit superconductivity [391]. This prediction has
so far been validated: only a single Yb-based heavy-fermion
superconductor has been reported to date.

Superconductivity was observed in 2008 in high-purity sam-
ples (RRR ∼ 300) of the heavy-fermion compound β-YbAlB4

with a Tc ≃ 0.08 K [63, 261]. This compound forms with
an orthorhombic crystal structure, characterized by the space
group Cmmm [63]. The crystal structure is composed of Yb
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and Al ions sandwiched between B layers, which might be ex-
pected to produce a two-dimensional Fermi surface; however,
local density approximation (LDA) band-structure calculations
[392] and quantum oscillation studies [393] demonstrate that
β-YbAlB4 has a three-dimensional Fermi surface composed of
two sheets from heavy bands of f -like character.

We begin our discussion of β-YbAlB4 by describing its
normal-state properties. Calculations suggest that β-YbAlB4

should exhibit an antiferromagnetic ground state, however, it
remains paramagnetic instead [392]. Magnetic susceptibility
χ(T ) measurements demonstrate strong uniaxial anisotropy that
is consistent with an Ising system with magnetic moments tend-
ing to align along the c axis [63]. With H ‖ c, Curie-Weiss be-
havior in χ(T ) data is observed for T > 100 K with ΘCW ∼ -210
K and an effective Ising moment of ∼3.1µB; in contrast, the
in-plane magnetic susceptibility is only weakly temperature-
dependent with a subtle peak near 200 K [63]. The electrical
resistivity ρ(T ) displays a weak coherence peak near 250 K and
goes as ρ ∝ T for 1 < T < 4 K and ρ ∝ T 1.5 for T . 1 K [63].
These are strong manifestations of non-Fermi liquid behavior
in β-YbAlB4. The features in χ(T ) and ρ(T ) data near 200 K
and 250 K, respectively, reveal a relatively large Kondo energy
scale [63]; however, careful measurements of the Hall effect in
β-YbAlB4 later provided evidence for two distinct Kondo-like
energy scales at 40 K and 200 K [394]. The Sommerfeld co-
efficient can be estimated by applying a small magnetic field,
causing the diverging C/T data at low temperature to saturate;
a value of γ ≃ 150 mJ mol−1 K−2 is obtained by this procedure
[63]. An effective mass of the quasiparticles m∗/m0 ∼ 180 can
be estimated [261] while values of m∗/m0 ∼ 5-14 are obtained
in Shubnikov-de Haas experiments [393]. These latter values of
m∗/m0 have been suppressed by the high magnetic fields used
in the quantum oscillation measurements as we discuss below.

Astoundingly, the intriguing non-Fermi liquid state observed
in the physical properties at low temperature [63] is accessed
in β-YbAlB4 without any external tuning [395]. Furthermore,
this behavior is apparently robust [63], being observed in sam-
ples with RRR values between 75-300 including samples that
do not exhibit superconductivity [261]. Fermi-liquid behavior
is rapidly restored in β-YbAlB4 by applying a magnetic field,
with the ρ ∝ T 1.5 behavior only being observed in early exper-
iments when H < 0.1 T [63]; this upper limit for the crossover
field was later reduced to 0.2 mT [395]. By fitting the Fermi-
liquid ρ ≃ AT 2 behavior in several magnetic fields (H ‖ c), it is
observed that A ∼ H1/2, which is consistent with the presence
of a quantum critical point at zero-field [63]. Furthermore, un-
conventional quantum criticality is manifested in T/H scaling
of the thermodynamic free energy over a wide range of temper-
atures and magnetic fields (see Fig. 15) and a diverging effec-
tive quasiparticle mass m∗ ∼ H−1/2 [395]. When these uncon-
ventional signatures of quantum criticality are combined with
the intermediate Yb valence in β-YbAlB4 (discussed below),
the zero-field quantum critical point must be unconventional as
well [395]. A model to describe the intrinsic quantum critical-
ity observed in β-YbAlB4 has been proposed by Ramires et al.

[396].
The valence of Yb in β-YbAlB4 was initially predicted to be
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Figure 15: (Color online) Scaling of the thermodynamic free energy of β-
YbAlB4, represented by −(dM/dT )B1/2 as obtained from experimental mea-
surements of magnetic susceptibility M, over several decades of the parame-
ter T/B (where T is temperature and B is magnetic field). This scaling sug-
gests that a quantum critical point (QCP) is found at zero field. If a QCP
exists at Bc , 0 T, the free energy will scale with a parameter T/|B − Bc |.
The best fits of −(dM/dT )B1/2 using this more generalized scaling parameter
place an upper bound of |Bc | < 0.2 mT as is seen in the upper inset showing
Pearson’s correlation coefficient R vs. Bc. The lower left inset displays the
magnetic field-temperature (B − T ) phase diagram of β-YbAlB4. The filled
circles are determined from the peak temperatures in −dM/dT , and denote a
crossover between non-Fermi liquid and Fermi liquid behavior. The dashed
line indicates kBT ∼ gµBB. The unfilled circles depict the temperatures, be-
low which, the electrical resistivity shows a quadratic temperature dependence
(after Ref. [395]).

intermediate in LDA calculations [392], and hard x-ray pho-
toemission measurements subsequently observed signatures of
an intermediate Yb valence in the Yb 3d spectra [397]. From
measurements at 20 K, the Yb valence was determined to
be Yb2.75(2)+, which is much lower than the 2.9+ to 3+ Yb
valences typically observed in other Yb-based heavy-fermion
compounds [397]. This intermediate Yb valence, which is a
consequence of strong hybridization between 4 f and conduc-
tion electron states, is consistent with the relatively large Kondo
energy scale of order 200-250 K [395]. The valence fluctua-
tions in β-YbAlB4 are expected to play a role in producing the
non-Fermi liquid behavior, which is intriguingly similar to the
behavior of the intermediate valence materials YbRh2Si2 and
YbRh2(Si0.95Ge0.05)2 [398]. Adding credibility to this possi-
bility, an electron spin resonance (ESR) signal is observed in
β-YbAlB4 [399] that is similar to ESR results for YbRh2Si2,
begging the question of whether there is a connection between
this ESR signal and quantum criticality in these intermediate
valence compounds [399, 400]. While each compound exhibits
a similar diverging Nernst coefficient in the vicinity of their re-
spective quantum critical points, the response of the ratio of
thermoelectric power divided by temperature, S/T , and γ for
each is different [401]. This latter result suggests that compar-
isons between these two compounds need to be made carefully,
but the present observations offer intriguing support for a rela-
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tionship between valence fluctuations and the non-Fermi liquid
behavior in β-YbAlB4.

Superconductivity in β-YbAlB4 emerges from this non-
Fermi liquid state with a Tc that depends sensitively on sam-
ple purity (superconductivity is only present in samples with
RRR > 100) [63]. This sensitivity to disorder is consistent with
an unconventional superconductivity with non-s-wave charac-
ter [63]. Measurements of the magnetization in a 0.1 mT mag-
netic field obtained a superconducting volume fraction of 15%-
45% in zero-field cooled measurements [63, 261]. The reduced
values of the volume fraction are partially related to the long
magnetic penetration depth relative to the small dimensions of
the sample [261]. To date, a jump in the specific heat has not
been reported for β-YbAlB4, but these magnetic susceptibility
results may be consistent with bulk superconductivity.

The upper critical fields Hc2(T ) of β-YbAlB4 are anisotropic
with an anomalous suppression at low temperature that is likely
associated with paramagnetic effects related to the c-axis mag-
netic susceptibility [261]. The initial slopes are measured to
be (dHa

c2/dT )Tc
≃ -2.6 T/K and (dHc

c2/dT )Tc
≃ -1.4 T/K with

extrapolated values at zero temperature of Ha
c2(0) ≃ 0.15 T

and Hc
c2(0) ≃ 0.025 T [261]. An estimate for the orbital crit-

ical field yields H
∗,a
c2 (0) ≃ 0.15 T, which is in excellent agree-

ment with the observed results for Ha
c2(0) [261]. However,

Hc
c2(0) < H

∗,c
c2 ≃ 0.076 T < Hp0 ≃ 0.15 T, indicating the pres-

ence of other pair-breaking effects beyond simple orbital and
paramagnetic effects [261]. Superconducting coherence lengths
at zero temperature of ξa(0) ≃ 66 nm and ξc(0) ≃ 33 nm are es-
timated using the Ginzburg-Landau formula for an anisotropic
superconductor [261]. In a sample that did not exhibit super-
conductivity above 30 mK, the mean free path is only a factor
of 4 times larger than ξa(0), indicating that superconductivity in
β-YbAlB4 only appears in the clean limit [261].

4.3. Pu- and Np-based heavy-fermion superconductors

Around the same time as the discovery of the first heavy-
fermion compound, CeAl3 [9], it was recognized that a
quadratic temperature dependence of the electrical resistivity
at low temperatures and large values of the Sommerfeld coeffi-
cient γ could be found in transuranium compounds like PuAl2
[402, 403]. These early studies demonstrated that such com-
pounds could exhibit heavy Fermi-liquid states; though, this
was not completely appreciated at the time. Superconductivity
at ambient pressure was discovered in transuranium compounds
with Tc = 18.5 K in PuCoGa5 [107], Tc = 8.7 K in PuRhGa5

[108], and Tc = 4.9 K in NpPd5Al2 [221]. The properties of
these compounds have been reviewed in Refs. [404, 111, 262]
and the Pu-based systems are also addressed in a dedicated arti-
cle by Sarrao et al. in this special issue of Physica C. Therefore,
we will only briefly summarize the highlights. Along with com-
pounds like U6T (T = transition metal), these compounds may
constitute a link that bridges traditional Ce and U-based heavy-
fermion superconductors and other classes of unconventional
superconductors including the cuprates.

The compounds PuCoGa5 and PuRhGa5 crystallize in
a tetragonal crystal structure characterized by space group

P4/mmm and are isostructural with the Ce-based “115” com-
pounds discussed in Section 2.2. These compounds exhibit
comparable, modestly-enhanced Sommerfeld coefficient values
of γ ≃ 77 mJ mol−1 K−2 and 70 mJ mol−1 K−2 for PuCoGa5

and PuRhGa5, respectively [107, 262]. These values can be
compared to γ ≃ 50 mJ mol−1 K−2 for δ-Pu [107]. Bulk su-
perconductivity is demonstrated by the jumps observed at Tc

in the specific heat measurements. For PuCoGa5, a jump of
∆C/γTc ≃ 1.4 [107] is very close to the BCS value, while
a smaller jump of ∆C/γTc ≃ 0.65 is observed for PuRhGa5

[264]. In the superconducting state of each compound, the
quadratic temperature dependence of the specific heat pro-
vides evidence for line nodes in the superconducting energy
gap [264, 263]. The initial slope of the upper critical field of
PuCoGa5 is (dHc2/dT )Tc

≃ -5.9 T/K, which implies an enor-
mous H∗

c2(0) ≃ 74 T [107]; measurements of the initial slope
using measurements of specific heat suggest even larger values
of (dHa

c2/dT )Tc
≃ -10 T/K and (dHc

c2/dT )Tc
≃ -8 T/K [264].

For PuRhGa5, the initial slopes of the upper critical fields are
smaller at (dHa

c2/dT )Tc
≃ -3.5 to -4 T/K and (dHc

c2/dT )Tc
≃

-2 T/K [264, 262]. The values of the upper critical at zero
temperature for PuRhGa5 are measured to be Ha

c2(0) ≃ 27 T
and Hc

c2(0) ≃ 15 T, which are comparable to estimates of the
orbital-limiting fields [262]. Superconductivity in these com-
pounds degrades with time due to self-irradiation effects. For
example, the rate of change ∆Tc/∆t is ∼-0.24 K/month and ∼-
0.39 K/month for PuCoGa5 and PuRhGa5, respectively [49].

The compound NpPd5Al2 crystallizes with the tetragonal
crystal structure with space group I4/mmm. Like the Pu-based
superconductors, NpPd5Al2 is paramagnetic with an enhanced
Sommerfeld coefficient of γ ≃ 200 mJ mol−1 K−2 [221]. In the
normal state, non-Fermi liquid behavior is observed as mani-
fested by a linear temperature dependence of the electrical re-
sistivity, followed by a transition to superconductivity at Tc ≃
4.9 K [221]. At Tc, a jump of ∆C/γTc ≃ 2.33 is observed in the
specific heat, confirming the bulk nature of strongly-coupled
superconductivity [221]. For T < Tc, the cubic temperature
dependence of the specific heat suggests the presence of point
nodes in the superconducting energy gap structure [221]. The
strongly-anisotropic initial slopes of the upper critical fields are
(dHa

c2/dT )Tc
≃ -6.4 T/K and (dHc

c2/dT )Tc
≃ -31 T/K, and the

measured values of the upper critical fields of NpPd5Al2 at zero
temperature are Ha

c2(0) ≃ 3.7 T and Hc
c2(0) ≃ 14 T [221]. This

value of Hc
c2(0) is strongly paramagnetically-limited (Hp0 ≃ 9

T) relative to the expected orbital critical field of H
∗,c
c2 (0) ≃ 105

T [221].

5. Concluding remarks

5.1. General characteristics of superconductivity in heavy-

fermion compounds

Throughout this selective review, we have frequently encoun-
tered the same, or strikingly similar, properties in the supercon-
ducting and normal states of the of heavy-fermion compounds
that we have discussed. These characteristics, many of which
are presented in Table 3, constitute a basic set of properties that
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are shared by all superconducting heavy-fermion compounds.
They can be divided into six properties that we briefly describe
below.

(1) The superconducting transition temperatures Tc are gen-
erally of order 1 K with some being as low as 0.05 K (like
in PrV2Al20 [62]) and some as high as 2.3-2.4 K (like in
CeCoIn5 [96] and CeRhIn5 [94] under ambient and applied
pressures, respectively). In this review, we have also briefly dis-
cussed a few compounds with Tc values that are significantly
higher, including U6Fe (Tc ≃ 3.8 K) [225] and the actinide-
based compounds PuCoGa5 (Tc ≃ 18.5 K) [107], PuRhGa5

(Tc ≃ 8.7 K) [108], and NpPd5Al2 (Tc ≃ 4.9 K) [221]. How-
ever, despite sharing many compelling similarities with super-
conducting heavy-fermion compounds, these latter compounds
may rather be links that connect the heavy-fermion compounds
to the cuprates and other classes of unconventional supercon-
ductors.

(2) The specific heat jumps at Tc in heavy-fermion com-
pounds are of order γTc. Since heavy-fermion compounds are
characterized by significantly-enhanced values of γ, this result
reveals that it is the heavy quasiparticles that pair in their su-
perconducting states. The measured ∆C/γTc values typically
range between 0.2-4.5 (see Table 3). Unfortunately, there are
many compounds for which ∆C/γTc has not yet been measured
because of experimental challenges associated with measuring
specific heat at either extremely low temperature (i.e., when Tc

values are very low) or under applied pressure (i.e., when su-
perconductivity is pressure-induced).

(3) The measured upper critical fields Hc2(T ) in heavy-
fermion compounds have very large initial slopes (dHc2/dT )Tc

near Tc (see Table 2 for some examples). These values of
(dHc2/dT )Tc

are generally on the order -1 T/K to -10 T/K with
particularly high values for CeCu2Si2 (-23 T/K) [66], CeRhSi3
(-23 T/K at 2.6 GPa) [213], CeCoIn5 (-24 T/K for H||ab) [133],
and UBe13 (-42 T/K) [347]. Such large (dHc2/dT )Tc

values in-
dicate that the orbital upper critical fields at zero temperature,
H∗

c2(0), are also quite large; as a consequence, superconduc-
tivity in many heavy-fermion compounds is paramagnetically
limited (i.e., Hc2(0) ≃ Hp0 < H∗

c2(0)).
(4) The large values of (dHc2/dT )Tc

and H∗
c2(0) in heavy-

fermion compounds also indicate that the Ginzburg-Landau co-
herence lengths at zero temperature, ξ(0), tend to be short; ξ(0)
values of order 10-100 Å are typical. Such short coherence
lengths are consistent with the heavy effective masses, m∗, of
the quasiparticles involved in pairing, since ξ(0) ∝ 1/m∗. The
Ginzburg-Landau parameter, which is the ratio of the London
penetration depth λ to ξ, is λ/ξ >> 1/

√
2 in heavy-fermion

compounds, indicating that they are extreme type II supercon-
ductors.

(5) Superconductivity in heavy-fermion compounds is unam-
biguously unconventional. In the superconducting state, ex-
perimental evidence is consistent with quasiparticle pairs that
are characterized by either d-wave, spin singlet (L = 2, S =

0) or p-wave, spin triplet (L = 1, S = 1) states. Pairing in
most of the heavy-fermion compounds is believed to be d-
wave, but potential evidence for spin-triplet pairing has been
observed in some compounds profiled in this article including

CePt3Si, CeIrSi3, UNi2Al3, UGe2, UCoGe, and U2PtC2 (see
their respective sections). This evidence generally comes from
NMR measurements of a temperature-independent Knight shift
and/or by measuring Hc2(0) values that dramatically exceed the
Chandrasekhar-Clogston limit. The symmetry of the supercon-
ducting energy gap has not been established by phase-sensitive
measurements in any of the heavy-fermion compounds as it has
been in the cuprates [117], but point-contact [114] and tunnel-
ing spectroscopy [115, 116] measurements of CeCoIn5 are con-
sistent with a dx2−y2 gap symmetry. In nearly all of the heavy-
fermion compounds, power-law behavior in the temperature de-
pendence of the specific heat, penetration depth, thermal con-
ductivity, and other physical properties in the superconducting
states are used to infer the existence of point or line nodes in
the energy gaps [60]; additional information about the symme-
try of ∆(~k) and details concerning the nodal structure are some-
times obtained by studying modulations of the specific heat or
thermal conductivity as a single crystal is rotated relative to a
magnetic field with fixed orientation. The evidence from such
studies on heavy-fermion compounds has been nearly univer-
sally consistent with anisotropic and nodal superconducting en-
ergy gaps; however, we note that evidence for nodeless gaps
has been presented recently from measurements of the specific
heat for CeCu2Si2 [75] and London penetration depth in the
system Ce1−xYbxCoIn5 [182, 185]. These results may force us
to re-examine the conventional understanding of quasiparticle
pairing in these systems and emphasize that there is still a lot
of work remaining to obtain a comprehensive understanding of
superconductivity in heavy-fermion compounds.

(6) The final characteristic that we will discuss is the prox-
imity of the superconducting ground state to another ordered
phase that tends to involve the magnetic or, less frequently,
electric quadrupole degrees of freedom. These ordered phases
are highly tunable, and in the case of heavy-fermion com-
pounds, are susceptible to being suppressed by applied pressure
or chemical substitution. This is evident in the significant num-
ber of heavy-fermion compounds within which superconductiv-
ity is pressure induced, emerging only after the ordered state has
been suppressed. Such compounds have a superscripted aster-
isk following their Tc values in Table 3 as well as an entry in the
neighboring column to the right that provides the transition tem-
perature of the magnetic or quadrupolar ordered phase at ambi-
ent pressure. For some compounds such as CeRhIn5, magnetic
order need not be completely suppressed for superconductivity
to emerge, and there are limited regions of phase space within
which superconductivity and magnetic order coexist (see the
phase diagram in Fig. 4 for example). When superconductiv-
ity is observed at ambient pressure, nature has already conve-
niently suppressed the nearby ordered phase. Compounds in
this category exhibit an instability at ambient pressure towards
ordering of the magnetic or quadrupole degrees of freedom.
Sometimes the ordered phase that is on the verge of forming can
be persuaded to emerge by modifying the chemical composition
as in the spin-density wave order in CeCu2Si2 [66, 70], exists at
“negative pressure” like antiferromagnetic order in CeCoIn5, or
is accessed by applying pressure like the antiferromagnetic or-
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der in URu2Si2 [304]. The abundance of spin (or quadrupolar)
fluctuations that are found in these unstable environments are
widely believed to play a role in mediating quasiparticle pair-
ing in the superconducting state. Similarly, non-Fermi liquid
behavior in the normal-state physical properties of many such
heavy-fermion compounds is probably facilitated by the strong
quantum fluctuations associated with the nearby quantum criti-
cal point [15, 8, 39].

5.2. Comparison of superconductivity in heavy-fermion com-

pounds with that in the cuprates and iron pnic-

tide/chalcogenide compounds

Now that we have outlined and articulated some of the char-
acteristics of the superconducting state in heavy-fermion com-
pounds, we can briefly compare these properties with those of
other classes of unconventional superconductors including the
cuprates and iron pnictide/chalcogenide compounds. Many in-
structive review articles have been published that discuss the
superconducting properties of the iron pnictide and iron chalco-
genide compounds [405, 406, 407, 408] as well as the cuprates
[409, 410, 411]; furthermore, there are articles dedicated to
each of these classes of superconducting materials in this spe-
cial issue of Physica C. Similarities between these families
of unconventional superconductors, including the quasi-two-
dimensional layer components of their crystal structures, com-
parable phase diagrams, observations of a spin resonance in the
superconducting states from inelastic neutron scattering mea-
surements, and similar superconducting energy gap symme-
tries, have been discussed for some time [412, 204, 413]. We
briefly address some of these similarities below.

The superconducting cuprates and iron pnic-
tide/chalcogenide compounds are well-known for having
layered crystal structures in which superconductivity re-
sides within the CuO2 planes [409, 410, 411] or corrugated
Fe/pnictogen (or Fe/chalcogenide) layers [405, 406, 407, 408],
respectively. Their quasi-two-dimensional crystal structures
are also believed to play a significant role in the high Tc

values that are encountered in these families of compounds.
In contrast, a quasi-two-dimensional, layered crystal struc-
ture is not observed universally among the superconducting
heavy-fermion compounds; however, CeCoIn5 does serve as
an interesting example wherein such a discussion is relevant.
The cubic compound CeIn3 has an antiferromagnetic ground
state that can be suppressed by applied pressure, leading to the
emergence of superconductivity with Tc ≃ 0.2 K [58]. This
material is sometimes said to contain an infinite number of
CeIn3 layers. The structurally-related compound, CeCoIn5, has
a tetragonal crystal structure that is composed of alternating
CeIn3 and CoIn2 layers. Instead of an antiferromagnetic
ground state, CeCoIn5 exhibits superconductivity at ambient
pressure with a Tc that is an order of magnitude larger than in
CeIn3 (i.e., Tc ≃ 2.3 K) [96]. In analogy with the cuprates and
iron pnictide/chalcogenide compounds, its layered, quasi-two-
dimensional crystal structure is sometimes invoked to explain
the large enhancement of Tc in CeCoIn5 relative to that in
CeIn3.

We have already discussed in the previous section that heavy-
fermion compounds are characterized by phase diagrams in
which there is a close proximity (or sometimes coexistence)
between superconductivity and a nearby magnetic or quadrupo-
lar ordered state. This is also a common and defining element
of the phase diagrams in superconducting cuprates and iron-
pnictide/chalcogenide compounds. As their antiferromagnetic
or spin-density wave ordered states are suppressed by a non-
thermal control parameter such as pressure or chemical com-
position, the magnetic phase boundaries tend to zero temper-
ature, often terminating in a quantum critical point [409, 410,
411, 405, 406, 407, 408]; though, there are cases, such as in
LaFeAsO1−xFx, in which the ordered phase terminates in a first-
order phase transition [414] and there is no quantum critical
point. When it is present, the quantum critical point is typically
protected by a dome of superconductivity. In the phase space
near the quantum critical point, the physical properties in the
normal state are unconventional as manifested in the “strange
metal” phase in the cuprates or non-Fermi liquid behavior in
heavy-fermion compounds. At values of the control parameter
greater than where the quantum critical point is located, there
is usually a crossover to a Fermi liquid ground state. Generic
examples of some of the phase diagrams that are encountered
in these classes of materials are provided in Ref. [8].

There are also broad similarities between the superconduct-
ing energy gap symmetries of these unconventional classes
of superconductors [204]. Superconductivity in the cuprates
and most heavy-fermion compounds is believed to involve d-
wave pairing. The energy gaps associated with such pair-
ing are nodal and undergo sign changes between regions
on the Fermi surface or surfaces separated by wave vec-
tor ~Q (i.e., Sgn∆(~k + ~Q) = −Sgn∆(~k)) where ~Q is associ-
ated with spin-fluctuations that are peaked at that momen-
tum. The iron pnictide/chalcogenide compounds are gener-
ally thought to exhibit s±-pairing, which also involves a sign
change of the gap; though, any nodes are typically acciden-
tal. The normally repulsive interactions involving spin fluctu-
ations are rendered attractive when there is such a sign change
in the energy gap, enabling unconventional quasiparticle pair-
ing by spin fluctuations in these compounds [204]. When
~k = ~Q, a spin resonance feature is expected in inelastic neu-
tron scattering experiments [204]. Such spin resonance fea-
tures have been experimentally observed in the superconduct-
ing states of CeCoIn5 [200], YBa2Cu3O7 [415, 416, 417],
Bi2Sr2CaCu2O8+δ [418], and Ba(Fe0.925Co0.075)2As2 [419];
these results in examples from each class of unconventional su-
perconductor strongly support a common pairing mechanism
via spin fluctuations.

We complete our discussion concerning the similarities be-
tween the classes of unconventional superconductors by con-
sidering an intriguing empirical observation plotted in Fig. 16.
The Tc values for various superconductors are plotted as a func-
tion of T0, the frequency spread of the wave-vector-dependent
part of the spin fluctuations (or a characteristic spin-fluctuation
temperature), on a log-log plot. The line in Fig. 16 serves as a
guide to the eye to emphasize an apparent relationship between
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Figure 16: (Color online) Superconducting critical temperature Tc plotted vs.
characteristic spin fluctuation temperature T0 on a log-log scale for several
U-based compounds (blue triangles), Ce-based compounds (gold circles), Pu-
based compounds (red circles), and cuprates (magenta squares). A roughly
linear relationship between Tc and T0 is evident for the compounds in this plot,
suggesting a relationship between spin fluctuations and superconductivity that
is emphasized by a line that serves as a guide to the eye. Figure adapted from
Refs. [420, 111].

Tc and T0. In practice, T0 is obtained from an analysis of data
from nuclear quadrupole resonance, specific heat, or electrical
resistivity measurements [420, 421, 111]. We wish to empha-
size two points concerning Fig. 16. First, there is a striking
and continuous relationship between T0 and Tc among these
compounds. Second, compounds like PuCoGa5, PuRhGa5, and
U6Fe fall between the heavy-fermion compounds and cuprates,
bridging the void between them. Therefore, they share an inti-
mate connection with the two classes of unconventional super-
conductors that bound them in Fig. 16. We might also briefly
add that the effective quasiparticle mass m∗ that is often used
to classify heavy-fermion compounds exists on a continuum.
Furthermore, the hybridization between the localized f - and
conduction-electron states, which is embodied in the Friedel-
Anderson model, includes both the Kondo limit (integral f -
electron shell occupation number) and the valence-fluctuation
limit (non-integral f -electron shell occupation number), both of
which can lead to the heavy-fermion extreme. In this sense, the
term “heavy-fermion physics” is probably a misnomer, since it
represents one limit of a more general problem. In any case,
this empirical relationship between Tc and T0 is consistent with
a common pairing mechanism based on spin fluctuations for all
of the compounds included in Fig. 16.

5.3. Outlook for research on superconductivity in heavy-

fermion compounds

The current understanding of superconductivity in heavy-
fermion compounds is built upon 35 years of intense experi-
mental and theoretical investigations. While many questions
have been answered, there are numerous intriguing and unre-
solved issues to address, and more superconducting compounds
to be discovered. In this selective review, we have attempted to

provide a basic assessment of the current understanding of the
normal- and superconducting-state properties of heavy-fermion
compounds. We end by attempting to provide an outlook for the
future of research in this fascinating and rich field of physics.

Until a comprehensive understanding of unconventional su-
perconductivity is obtained, one obvious and vital way for the
field to advance is to discover new heavy-fermion compounds
with superconducting ground states, and to investigate their
properties. There is a plot in Ref. [49] showing the number
of known f -electron compounds with superconducting ground
states (most of them are classified as heavy-fermion compounds
in this article) as a function of year. From this plot, it appears
that a new compound was discovered every two years (on aver-
age) between 1979 and 2000, after which, an average of nearly
three new compounds were discovered per year up to 2009.
This is strong evidence that components of a successful strategy
for discovering new superconductors have already been iden-
tified and are being utilized. The future approach to discover-
ing superconductivity in new heavy-fermion compounds should
naturally build upon these components, which include studying
strongly-correlated electron compounds based on Ce, Pr, Yb,
and U, and subjecting such materials to measurements at low-
temperature under ambient and applied pressures. Measure-
ments under applied pressure are particularly important when
compounds exhibit magnetic (or electric quadrupole) ordered
ground states that can be suppressed. New search strategies
are also being identified; for example, the relatively recent dis-
coveries of superconductivity in the heavy-fermion compounds
PrTi2Al20 [31], PrV2Al20 [62], and β-YbAlB4 [63] were only
made possible by synthesizing and studying very high-quality
single crystals. Superconductivity is not observed in samples
of these compounds for which the measured residual resistiv-
ity ratio values fall below a sample-specific threshold. These
examples demonstrate that exercising careful control of synthe-
sis procedures to produce ultra-clean samples with low disor-
der may be extremely important when searching for supercon-
ductivity in some heavy-fermion compounds. It may also be
rewarding to expand the search for superconductivity into rel-
atively unexplored potential reservoirs of heavy-fermion com-
pounds such as among the transition-metal oxides; though, we
note that neither of the two known cases (LiV2O4 [40] and
CaCu3Ru4O12 [41]) exhibit superconductivity. The future of
research on superconductivity in heavy-fermion compounds is
full of promise, and there is every reason to believe that inves-
tigations of newly-discovered compounds as well as studies de-
signed to obtain a more comprehensive understanding of known
compounds will contribute to resolving the long-standing puz-
zle of how unconventional superconductivity works.

Acknowledgements

Work at the University of California, San Diego was per-
formed with financial support from the U.S. Department of En-
ergy, Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering under Award Grant No. DE-FG02-
04-ER46105, the National Science Foundation under Grant No.

29



DMR-1206553, and the National Nuclear Security Adminis-
tration under the Stewardship Science Academic Alliance pro-
gram through the U.S. Department of Energy Grant No. DE-
NA0001841. Work at Los Alamos was performed under the
auspices of the U. S. Department of Energy and was supported
by the U.S. DOE Office of Basic Energy Sciences, Division of
Materials Sciences and Engineering.

[1] F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, W. Franz,
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[138] S. Özcan, D. M. Broun, B. Morgan, R. K. W. Haselwimmer, J. L. Sar-
rao, S. Kamal, C. P. Bidinosti, P. J. Turner, M. Raudsepp, J. R. Waldram,
London penetration depth measurements of the heavy-fermion super-

32



conductor CeCoIn5 near a magnetic quantum critical point, Europhys.
Lett. 62 (2003) 412.

[139] T. Park, J. D. Thompson, Magnetism and superconductivity in strongly
correlated CeRhIn5, New J. Phys. 11 (2009) 055062.

[140] T. Mito, S. Kawasaki, G. q. Zheng, Y. Kawasaki, K. Ishida, Y. Kitaoka,
D. Aoki, Y. Haga, Y. Onuki, Pressure-induced anomalous magnetism
and unconventional superconductivity in CeRhIn5: 115In-NQR study un-
der pressure, Phys. Rev. B 63 (2001) 220507(R).

[141] Y. Ida, R. Settai, Y. Ota, F. Honda, Y. Ōnuki, Field-induced antiferro-
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C. Berthier, G. Lapertot, J. Flouquet, Field evolution of coexisting su-
perconducting and magnetic orders in CeCoIn5, Phys. Rev. Lett. 104
(2010) 087001.
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R. Settai, Y. Ōnuki, Magnetic and superconducting properties of CeTX3
(T: Transition metal and X: Si and Ge) with non-centrosymmetric crystal
structure, J. Phys. Soc. Jpn. 77 (2008) 064716.

[213] N. Kimura, K. Ito, H. Aoki, S. Uji, T. Terashima, Extremely high upper
critical magnetic field of the noncentrosymmetric heavy fermion super-
conductor CeRhSi3, Phys. Rev. Lett. 98 (2007) 197001.

[214] R. Settai, Y. Miyauchi, T. Takeuchi, F. Lévy, I. Sheikin, Y. Ōnuki, Huge
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[274] A. Schröder, J. G. Lussier, B. D. Gaulin, J. D. Garrett, W. J. L. Buy-
ers, L. Rebelsky, S. M. Shapiro, Incommensurate magnetic order in the
heavy fermion superconductor UNi2Al3, Phys. Rev. Lett. 72 (1994) 136.
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Y. Haga, E. Yamamoto, Y. Ōnuki, H. Yamagami, S. Takahashi, T. Yanag-
isawa, Fermi surface properties and de Haas-van Alphen oscillation in

both the normal and superconducting mixed states of URu2Si2, Phil.
Mag. B 79 (1999) 1045.

[327] H. Shishido, K. Hashimoto, T. Shibauchi, T. Sasaki, H. Oizumi,
N. Kobayashi, T. Takamasu, K. Takehana, Y. Imanaka, T. D. Matsuda,
Y. Haga, Y. Onuki, Y. Matsuda, Possible phase transition deep inside the
hidden order phase of ultraclean URu2Si2, Phys. Rev. Lett. 102 (2009)
156403.

[328] Y. Kasahara, T. Iwasawa, H. Shishido, T. Shibauchi, K. Behnia, Y. Haga,
T. D. Matsuda, Y. Onuki, M. Sigrist, Y. Matsuda, Exotic super-
conducting properties in the electron-hole-compensated heavy-fermion
“semimetal” URu2Si2, Phys. Rev. Lett. 99 (2007) 116402.

[329] K. Yano, T. Sakakibara, T. Tayama, M. Yokoyama, H. Amitsuka,
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