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Superconductivity in heavy fermion compounds (HFC)

Lanthanide (eg. Ce) or actinide (eg. U) based compounds with huge effective 
masses as big as 1000 times the bare electron mass. 

Strongly correlated f-electrons behave like local magnetic moments 
interacting with weakly correlated s and p conduction electrons. 

A rich and complex phase diagram including (non-)Fermi liquid, itinerant 
and local magnetism (AFM and F), …, and superconductivity (SC). 

The discovery of superconductivity in HFC was first dismissed because 
of the dense presence of Cooper pair breaking magnetic centres. 

The proximity of SC with magnetism, in particular ferromagnetism, hints 
towards a magnetic mechanism for pairing. 

HFC are the first exemple of high-Tc superconductivity since Tc/TF ~ 0.2 - 0.05 although Tc ~ 2 K only. 
Compare with Tc/TF ~ 10-2 for the Cuprates and Tc/TF ~ 10-3 for conventional superconductors. 

The exact symmetry of the Cooper pairs in HFC has not yet been unambiguously determined but spin 
singlet and triplet pairings are realised. 



Superconductivity in CeRhIn5 appears only under an 
applied magnetic field and/or pressure. 
Re-entrance of AFM inside the SC phase with 
increasing magnetic field for p < pc. 
Small specific heat jump at Tc for p< pc* and large one 
for p > pc*.

The intriguing case of the 115 family
The family of HFC CeMIn5 (M = Rh, Ir, Co) exhibits unconventional gap function with nodal structure 
(Eg.: power-law T-dependence of the specific heat instead of the standard exponential dependence)

Superconductivity in CeCoIn5 is present at 
ambient pressure and is Pauli-limited.  
Existence of a modulated phase in the high 
field - low T region of the (H-T) phase diagram: 

FFLO phase ? 
Co-existing field-induced SDW magnetic 
phase ?

The precise nature of the pairing glue is still elusive !



the unconventional superconductor Sr2RuO4

History

After cuprates: Other perovskite structure superconducting?
Discovered 1994 by Maeno et al. in Japan
Transition first seen by a first-year graduate student
De Haas van Alphen and bulk magnetic and transport 
measurements show Fermi liquid state with similarity
of Landau parameters to 3He
Strongly correlated quasi 2D Fermi liquid
Tc=1.5 K
Spin triplet pairing suggested by Rice and Sigrist in 1995,
and independently by Baskaran in 1996



the unconventional superconductor Sr2RuO4

Structure and Fermi surface

prominent among materials that promise to provide the
answers. Although it is almost certainly not unique [for
example, there is now almost a consensus in favor of
triplet superconductivity in UPt3 ,6 evidence for its exis-
tence in (TMTSF)2PF6 ,7 UGe2 ,8 and URhGe,9 and the
likelihood that it is favored in ZrZn2 (footnote 10) and
possibly Fe (footnote 11)], we hope to show that
Sr2RuO4 offers perhaps the best opportunity for under-
standing a triplet superconducting state in detail.

E. The discovery of superconductivity in Sr2RuO4 and the
suggestion of triplet pairing

The discovery by Bednorz and Müller (1986) of high-
temperature (high-Tc) superconductivity in copper ox-
ides (cuprates) had an enormous impact on almost all
aspects of research in superconductivity. In terms of ma-
terial physics and crystal structure, it soon became clear
that the essential requirement for a high Tc is the exis-
tence of quasi-two-dimensional electronic states arising
from the planar CuO2 network of the layered perovskite
structure. Since many transition elements in addition to
copper are known to form perovskite oxides, including
their layered variants, it was natural to look for super-
conductivity in metals possessing the layered perovskite
structure without copper.

It is interesting to note that it took eight years until
the first such noncuprate superconductor was finally
found in a ruthenium oxide (Maeno et al., 1994). Why
had this superconductivity been overlooked for such a
long time despite the worldwide search? We believe that
there are several reasons. First, the superconducting
transition temperature is much lower than that of the
cuprates. Second, there are a few important material dif-
ferences between the high-Tc cuprates and Sr2RuO4 , in
spite of their close structural similarity (Fig. 1). The tet-
ravalent ruthenium with a 4d4 configuration in Sr2RuO4
has an even number of electrons, whereas divalent cop-
per in the mother compounds of high-Tc superconduct-
ors is in the 3d9 (spin S! 1

2 ) configuration with an odd
number of electrons. Since strong quantum fluctuations
arising from the spin-1

2 configuration were theoretically
emphasized as a prerequisite for high-Tc superconduc-
tivity, it is natural that oxides based on an even number
of electrons for the transition metal did not attract the
attention of many researchers. Furthermore, the mother
compounds of high-Tc cuprates are Mott insulators, and
they usually need to be doped to become metallic and

exhibit superconductivity. In contrast, stoichiometric
Sr2RuO4 , first reported by Randall and Ward (1959),
was known to be a conductor in the absence of chemical
doping (Callaghan et al., 1966).

For these reasons, the search for superconductivity in
the ruthenates by Maeno and Bednorz at IBM’s Zurich
laboratory in 1988–1989 initially concentrated on triva-
lent ruthenates with the 4d5 (S! 1

2 ) configuration. Later,
Lichtenberg joined the group, grew good-quality single
crystals of Sr2RuO4 , and investigated its transport prop-
erties down to 4.2 K (Lichtenberg et al., 1992). At Hi-
roshima University, continued searches for layered per-
ovskite superconductors in the group of Fujita and
Maeno concentrated mainly on ruthenium and rhodium
oxides based on the spin-1

2 configuration. In the spring of
1994, a first-year graduate student in the group, H.
Hashimoto, found a new transition below 2 K in poly-
crystalline Sr2RuO4 , in a measurement of its specific
heat (Fig. 2). The ac susceptibility as well as resistivity
also showed clear evidence for a transition suggestive

6For a review see, for example, Brison et al. (2000), and ref-
erences therein.

7For example, see Chashechkina et al. (2001); Lee et al.
(2002), and references therein.

8See Saxena et al. (2000).
9See Aoki et al. (2001).
10See Pfleiderer et al. (2001).
11See Shimizu et al. (2001); in this case the high-pressure

phase from which the superconductivity forms may not, in fact,
have dominantly ferromagnetic correlations.

FIG. 1. The layered perovskite structure common to ruthenate
and cuprate superconductors.

FIG. 2. The first evidence for a transition below 2 K in
Sr2RuO4 in the measurement of specific heat on a polycrystal-
line sample (solid circles). Note how small the feature is in
comparison to the data that can now be obtained from high-
quality single crystals (open circles).

661A. P. Mackenzie and Y. Maeno: Superconductivity of Sr2RuO4 and the physics of spin-triplet pairing

Rev. Mod. Phys., Vol. 75, No. 2, April 2003
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the unconventional superconductor Sr2RuO4

Spin triplet

(S,Sz)=(1,0) with in-plane equal-spin pairing
Lz=±1, chiral degeneracy 2
chiral p-wave:                                  ? controversy...

Knight shift
Nature © Macmillan Publishers Ltd 1998
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