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This review presents a summary and evaluation of the experimental properties of unconventional
superconductivity in Sr2RuO4 as they were known in the spring of 2002. At the same time, the paper
is intended to be useful as an introduction to the physics of spin-triplet superconductivity. First, the
authors show how the normal-state properties of Sr2RuO4 are quantitatively described in terms of a
quasi-two-dimensional Fermi liquid. Then they summarize its phenomenological superconducting
parameters in the framework of the Ginzburg-Landau model, and discuss the existing evidence for
spin-triplet pairing. After a brief introduction to the vector order parameter, they examine the most
likely symmetry of the triplet state. The structure of the superconducting energy gap is discussed, as
is the effect of symmetry-breaking magnetic fields on the phase diagram. The article concludes with a
discussion of some outstanding issues and desirable future work. Appendixes on additional details of
the normal state, difficulty in observing the bulk Fermi surface by angle-resolved photoemission, and
the enhancement of superconducting transition temperature in a two-phase Sr2RuO4-Ru system are
included.
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I. INTRODUCTION

A. Aim and context of the article

The aim of this article is to review the fascinating su-
perconducting properties of the layered perovskite ox-
ide Sr2RuO4 . The main theme will be a discussion of the
evidence that has built over the past eight years that the
superconducting condensate consists of Cooper pairs
bound in an unusual spin-triplet state. Our goal is to
present the evidence and discussion in as transparent a
way as possible, to produce an article that will serve
several purposes. First and foremost, we will try to give
as comprehensive a review of the existing experimental
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
literature as is practical. This does not mean that we will
reference and discuss every paper that has been pub-
lished on Sr2RuO4 ; constraint of space alone will pre-
vent us from doing that. When we first began thinking
about a review article in 1998, the literature consisted of
some 50 papers. We have paid for the delay, since at the
time of writing (early spring, 2002), the figure has risen
to over 400 papers. Our article is principally concerned
with experiment, and we have not attempted to produce
a complete review of the theoretical work on the sub-
ject. Some of the theoretical papers that have particu-
larly influenced our thinking are discussed, but we have
been unable to cover nearly as many as we would have
liked. We ask for our colleagues’ understanding on this
issue, and very much hope that a comprehensive review
of the theoretical situation will be written in the future.

To try to avoid becoming dated too quickly by devel-
opments in a fast-moving field, we will also try to explain
the context and concepts that underlie the subject. Ide-
ally, we would like the committed student to find this
article a useful introduction to unconventional super-
conductivity in general, if he or she is prepared to invest
a certain amount of time reading some of the classic
texts that we summarize and cite.

Over the course of the past few years we have au-
thored or co-authored a number of short reviews on
various aspects of the physics of Sr2RuO4 .1 Those pa-
pers could in some ways be seen as precursors of some
of the sections treated in this more comprehensive re-
view. Other articles (e.g., Maeno et al., 2001 and Mac-
kenzie et al., 2002) have also been written for less spe-
cialized publications; those are designed to be at a more
elementary level than the present treatment. Finally,
Bergemann et al. (2002) have reviewed the normal-state
physics of Sr2RuO4 in much more detail than we will
give here. We therefore refer to that article at various
stages of this one.

B. Outline

In the remainder of the opening section we will first
introduce the concept of unconventional superconduc-
tivity and its intimate relationship with the broader cor-
related electron problem. Then we will discuss examples
of spin-triplet pairing, and the reasons that Sr2RuO4 is
considered to be an important material in the context.
We close the section with a brief historical account of
the discovery of superconductivity and the events that
led to the suggestion that it may be triplet. The remain-
der of the article is concerned primarily with reviewing a
fairly large body of evidence consistent with this sugges-
tion, but we will also try to explain the outstanding
puzzles and any results that appear to contradict the
triplet scenario.

1For example, see Maeno (1997, 2000); Forgan et al. (1999);
Mackenzie (1999); Maeno, Nakatsuji, and Ikeda (1999);
Maeno, Nishizaki, and Mao (1999); Mackenzie and Maeno
(2000).
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A key feature of the physics behind the superconduc-
tivity of Sr2RuO4 is the metallic state from which the
superconductivity condenses. For that reason, the focus
of Sec. II is the way in which the normal state can be
described quantitatively as a quasi-two-dimensional
Fermi liquid. In Sec. III, we summarize the phenomeno-
logical superconducting parameters of Sr2RuO4 in the
framework of the Ginzburg-Landau model, give an in-
troductory description of the properties that demon-
strate the existence of an unconventional superconduct-
ing state, and discuss the key results that strongly favor
triplet pairing. In Sec. IV, we first introduce the theoret-
ical description of the order parameters of spin-triplet
superconductors in terms of the d vector, and then dis-
cuss the constraints that several key experiments place
on the order parameter in Sr2RuO4 .

The two years preceding the writing of this article
have seen a concentrated effort to understand the nodal
structure of the superconducting energy gap in
Sr2RuO4 . This important subfield warrants its own sec-
tion, so in Sec. V we describe the measurements and
discuss the extent to which a consensus has been
reached. By this stage we will have laid out the main
important experimental facts as we see them. Although
we make no attempt at a comprehensive theoretical re-
view, in Sec. VI we discuss one of the theoretical sce-
narios that has been proposed to describe Sr2RuO4 , and
the extent to which it matches the facts laid out in the
first five sections. We believe that this is worthwhile, be-
cause even if this theory is not correct in full detail, its
development has raised several theoretical points that
have to be taken into account in any realistic treatment
of the physics of Sr2RuO4 . In Sec. VII we briefly discuss
the observation of multiple superconducting phases, a
topic that is presently the subject of active research. We
close with summaries of conclusions that may be drawn
at present, outstanding issues, and our ideas of impor-
tant experiments for the future.

While writing the article, we have become aware of
the need to retain a strong focus on superconductivity.
However, that is certainly not the only interesting phys-
ics to have emerged from Sr2RuO4 . We wanted to in-
clude some discussion of these topics, but avoid inter-
rupting the flow of the article. For this reason we have
opted for some fairly long Appendixes. Appendix A de-
scribes aspects of work on the metallic state not directly
relevant to the superconductivity, but of interest in their
own right. This includes the way in which bulk metallic
properties can be calculated using the microscopic pa-
rameters deduced from quantum oscillation studies. The
analysis also gives emphasis to the assertion made in
Sec. II that the low-temperature metallic state can be
understood in detail using the predictions of Fermi-
liquid theory. Appendix B describes the difficulties en-
countered in obtaining the correct bulk Fermi surface of
Sr2RuO4 by angle-resolved photoemission spectroscopy
(ARPES). The experience with Sr2RuO4 shows how far
ARPES has progressed, but also serves as a warning
regarding the potential for misinterpretation of its re-
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
sults in other systems. Appendix C covers the intriguing
observation that the controlled introduction of inclu-
sions of pure Ru metal in Sr2RuO4 leads to Tc enhance-
ment by nearly a factor of 2. In Appendix D we give
examples of the properties of some vector order param-
eters that are not covered in depth in the main text.

An important by-product of the interest generated by
Sr2RuO4 has been the detailed investigation of the
broader family of metallic ruthenates. Recent years have
seen a wealth of interesting discoveries, notably from
the study of SrRuO3 , CaRuO3 , Ca22xSrxRuO4 ,
Sr3Ru2O7 , Ca3Ru2O7 , and La4Ru6O19 . We had origi-
nally intended to include a fifth Appendix on this issue,
but the need to maintain the focus of the present article,
combined with constraints of space and time, caused us
to change our mind. A more general treatment of ruth-
enate physics might well be the subject of a self-standing
review article sometime in the future.

C. Unconventional superconductivity

The most important advances in superconductivity re-
search over the past two decades have been the discov-
ery and study of superconductors in which strong elec-
tronic correlations play an important role in both the
normal-state physics and the superconductivity itself.
Examples include heavy-fermion intermetallic com-
pounds, organics, and copper oxides (cuprates). Super-
conductivity research has thus become intimately re-
lated with other important fields of strongly correlated
physics, such as metallic behavior in the vicinity of
metal-insulator transitions and/or quantum critical
points. For this reason, unconventional superconductiv-
ity has become one of the most actively studied topics of
modern-day condensed-matter physics.

Superconductivity involves the formation of a quan-
tum condensate state by pairing conduction electrons.
The condensation may be considered as a kind of Bose-
Einstein condensation, because in a very broad sense
each pair of the electrons acts like a Bose particle. The
pair of electrons, called the Cooper pair, can be in a
state of either total spin S50 (spin singlet) or 1 (spin
triplet). Because of the anticommuting properties of the
electron as a fermion, the antisymmetric spin-singlet
state is accompanied by a symmetric orbital wave func-
tion (even parity) with orbital angular momentum L
50 (s wave), 2 (d wave), etc. The symmetric spin-triplet
state is accompanied by an antisymmetric orbital wave
function (odd parity) with orbital angular momentum
L51 (p wave), 3 (f wave), etc.2

2Strictly speaking, L and S are not good quantum numbers in
a crystalline solid, so the ‘‘s-, p-, d-, and f-wave’’ nomenclature
is not accurate. In most superconductors of interest this is a
reasonable approximation, however, and it is in widespread
use. For that reason, we adopt it in this article. The issue is
discussed again in Sec. IV.
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Conventional superconductivity is characterized by
s-wave Cooper pairs, formed by a net attraction origi-
nating from the electron-phonon interaction, as de-
scribed by the theory of Bardeen, Cooper, and Schrieffer
(BCS theory, 1957). S-wave superconductivity is often
termed conventional, for several reasons. First, the s
state is in some senses the simplest pairing state. There
is a relationship between the binding state of the Cooper
pairs and the symmetry-breaking properties of the
condensate. The order parameter of superconductivity
is in general represented by the gap function D(k).3

For an s-wave superconductor the phase of D(k) is
constant irrespective of the direction of k, although
there may be some anisotropy in the magnitude of D
depending on k. This reflects the fact that the con-
densate breaks only gauge symmetry at the supercon-
ducting transition temperature Tc . Condensates of pairs
bound with finite orbital angular momentum usually
break additional symmetries (Annett, 1990, 1995; Sigrist
and Ueda, 1991). Another reason for s-wave supercon-
ductors to be called ‘‘conventional’’ is that for approxi-
mately the first six decades of research into super-
conductivity, only s-wave superconductors were discov-
ered.

Under what conditions might one expect to find more
complicated superconducting states becoming energeti-
cally favorable? An intuitive picture is linked with the
existence of a strong on-site Coulomb repulsion. This
favors the formation of a Cooper pair with a large am-
plitude of the wave function at finite distance, rather
than at the origin, in order to reduce the Coulomb re-
pulsion energy. This can be achieved by the electrons in
the pair having finite relative orbital angular momen-
tum. Since a strong on-site repulsion is a key ingredient
in strong electronic correlation, this accounts in a physi-
cally intuitive way for the close relationship between
strong correlations and unconventional superconductiv-
ity. These considerations apply even when the net attrac-
tion among the electrons is attained by spin
fluctuations.4

Although the relationship between Cooper pair angu-
lar momentum and additional symmetry breaking is
physically appealing, it is not universal. A more precise
definition of unconventional superconductivity is the re-
lation

(
k

D~k!50 (1.1)

3Throughout this article, k is a unit vector when used in a gap
function or vector order parameter.

4This argument is weaker if the superconducting coherence
length is long, because the importance of local effects such as
on-site repulsion is diminished. However, even long-
coherence-length unconventional superconductors have, to
date, been found only in strongly correlated systems.
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with the summation over the Fermi surface, which holds
for all non-s-wave superconductors.5 For example, it is
easy to verify that this is the case for the recently estab-
lished d-wave state of the cuprates, namely,

D~k!5Dd~kx
22ky

2!. (1.2)

This defining property of unconventional superconduc-
tivity also holds the key for understanding the length of
time that it took to be discovered. One of the most im-
portant features of an s-wave superconducting conden-
sate is its insensitivity to random elastic scattering from
disorder (Anderson, 1959). When Eq. (1.1) holds, how-
ever, Anderson’s theorem no longer applies, since the
order parameter can be averaged to zero by sufficiently
strong scattering around the Fermi surface (Abrikosov
and Gor’kov, 1960a; Balian and Werthamer, 1963; Lar-
kin, 1965). Roughly speaking, the criterion for ‘‘suffi-
ciently strong’’ is that the scattering rate equals the av-
erage gap energy or, equivalently, the elastic mean free
path equals the superconducting coherence length. The
shorter the coherence length, the less restrictive the con-
straints on material purity. It is, therefore, not surprising
either that unconventional superconductivity took so
long to observe, or that short coherence lengths are a
feature of many of its best-known examples (e.g., the
cuprates, the heavy-fermion superconductors, and some
of the organic materials). Only very recently has there
been a rush of discoveries of unconventional supercon-
ductors with much longer coherence lengths. As we shall
see, Sr2RuO4 is at the vanguard of this new generation
of ultrapure unconventional superconductors.

D. Spin-triplet Cooper pairing

Nearly all the superconductors known to date, either
conventional or unconventional, are spin-singlet paired.
Even the celebrated dx22y2 high-Tc order parameter in-
volves singlet pairing. The best-known example of trip-
let pairing is not a superconductor at all, but a super-
fluid, 3He, in which the condensate consists of spin-
triplet atomic Cooper pairs (Leggett, 1975; Wheatley,
1975; Vollhardt and Wölfle, 1990). The question of
whether superconductivity carried by spin-triplet pairs
exists and how its behavior differs from that of spin-
singlet superconductivity naturally arises. Sr2RuO4 is

5This allows an alternative heuristic argument for the rela-
tionship between electron correlations and unconventional su-
perconductivity. Consider the gap equation

D~k!5S2Vkk8@D~k8!/2Ek8#@122n~k8!# ,

in which Vkk8 is the interaction between the electrons with
momenta k and k8 (the negative sign corresponds to attrac-
tion), Ek5@«k

21D(k)D* (k)#1/2 with «k5\2k2/2m2«F is the
energy of a quasiparticle, and n(k)5@exp(«k /kBT)11#21 is the
Fermi distribution function. It is easy to see that in the pres-
ence of dominantly positive interaction V (electron correla-
tion), the sign of D(k) should alter with k to lead to a nonzero
solution for D.
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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 S5 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

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.
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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 (S5 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

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).
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of superconductivity, but it did not provide conclusive
evidence for a superconducting transition, because the
poor grain-boundary resistance of the polycrystalline
samples hampered the observation of truly zero resistiv-
ity. The news was delivered to Bednorz in the summer of
1994 and Lichtenberg’s crystals were immediately sent to
Hiroshima. In the first measurements at Hiroshima in a
3He refrigerator, a clear zero resistivity and a strong dia-
magnetic signal were observed below 1 K, marking de-
finitive evidence of a superconducting transition (Fig. 3).

The low residual resistivity of these early crystals
prompted the beginning of the collaboration between
the authors of this article, because there seemed to be
the hope of performing an experiment that is essentially
impossible in less pure oxides, the observation of the de
Haas–van Alphen effect. The initial results were ob-
tained in early 1995 by Mackenzie, Julian, et al. (1996a,
1996b) at Cambridge, and showed conclusively that the
low-temperature metallic state of Sr2RuO4 is a Fermi
liquid. In combination with bulk magnetic and transport
measurements performed in Hiroshima, they allowed an

FIG. 3. Resistivity and ac susceptibility of early single crystals
of Sr2RuO4 , indicating the superconducting transition (Maeno
et al., 1994). The depressed value of approximately 0.9 K for
Tc and the extra structure in the susceptibility data subse-
quently proved to be due to the presence of an inhomogeneous
distribution of impurities and defects, as discussed in Sec. III.
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estimate of the Landau parameters. The realization that
these bore a strong quantitative similarity to those of
3He was one of the motivations for Rice and Sigrist
(1995) to make the intriguing suggestion that the super-
conductivity of Sr2RuO4 may also be triplet.12 The bulk
of this article might be considered as a review of the
work performed to investigate that possibility.

A theme running through the experimental work on
Sr2RuO4 has been the necessity of growing extremely
pure single crystals in order to uncover the underlying
physics. All the high-purity crystal growth has been per-
formed by a floating-zone method using ‘‘image’’ fur-
naces in which melting is achieved crucible-free using
focused light. These instruments have been so important
to the development of the field that we thought it was
appropriate to close this introductory section with a
photograph of a crystal grown in an image furnace. Sev-
eral hundred growth runs of Sr2RuO4 have been carried
out in image furnaces in Kyoto and a number of other
institutions. In Fig. 4 we show an example of the long
single-crystal rods that can now be obtained by these
techniques.

II. NORMAL-STATE PROPERTIES

Although the main purpose of this review is to discuss
the remarkable superconducting state of Sr2RuO4 , we
begin with a fairly long section on the normal state. This
is defined, as usual, as the metallic state that exists above
Tc or above the upper critical field (Hc2) in the pres-
ence of an externally applied magnetic field. We have
made this choice because interpretation of many of the
experiments pertinent to the superconductivity requires
the detailed knowledge that now exists about the metal-
lic state and the underlying electronic structure.
Sr2RuO4 would be a very interesting correlated electron
metal even if no superconducting transition occurred;
some fascinating topics that are less directly related to
the superconductivity are discussed in Appendixes A
and B.

The properties reviewed in this section can be split
into two classes. The first include the bulk transport and
thermodynamic properties that are generally used to
characterize metals. Data falling into this class can be

12Triplet pairing in Sr2RuO4 was also proposed indepen-
dently by Baskaran (1996), based on slightly different reason-
ing from that of Rice and Sigrist.

FIG. 4. A single crystal of Sr2RuO4 (Mao, Maeno, and Fuku-
zawa, 2000).
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obtained on almost any metal, in the sense that the ex-
periments can be done even in disordered samples. As
will be seen throughout the review, one of the most im-
portant features of the physics of Sr2RuO4 is that it can
be prepared with remarkably low disorder. One of the
direct consequences is that it has been possible to ob-
serve quantum oscillations, which are damped to unob-
servably small amplitudes by disorder scattering in most
multicomponent metals. Analysis of these oscillations
gives ‘‘microscopic’’ band-by-band information about
the low-energy excitations that determine the low-
temperature metallic properties, as will be discussed in
Sec. II.B. Electronic structure calculations make accu-
rate predictions of the Fermi-surface topography, but
underestimate the effect of strong correlations on the
effective masses. In Appendix A we show that the
knowledge reviewed in Sec. II.B, combined with the
simplicity of the Fermi surface, allows successful quanti-
tative calculations of a number of independently mea-
sured bulk properties of Sr2RuO4 .

Although we believe that this is the appropriate place
to discuss the normal state, we are aware that the section
may contain too much detail for the reader principally
interested in unconventional superconductivity. The fol-
lowing is a minimal summary for the reader who prefers
to begin from Sec. III:

(i) The superconductivity of Sr2RuO4 condenses
from a metallic state that is a strongly two-
dimensional Fermi liquid.

(ii) The Fermi surface consists of three weakly corru-
gated cylindrical sheets, a (which is holelike), and
b and g (which are electronlike). It is shown in
Fig. 11 below.

(iii) There is a significant quasiparticle mass enhance-
ment, summarized in Table II below.

(iv) Although the dynamical susceptibility is enhanced
at q50, the largest peak, due to Fermi-surface
nesting, is at (0.6p, 0.6p).

When other more detailed information from this section
is used in the remainder of the article, an effort will be
made to back-reference to the specific subsection in-
volved.

A. Bulk normal-state properties of Sr2RuO4

1. Crystal structure, chemical stability, and phonon spectra

The starting point for understanding the normal-state
properties of any material is knowledge of its crystal
structure. That of Sr2RuO4 has been studied by a num-
ber of groups.13 There are some differences of detail, but
it is generally agreed that Sr2RuO4 has the K2NiF4
structure, with I4/mmm body-centered tetragonal

13Structural work includes Walz and Lichtenberg (1993);
Cava et al. (1994); Huang et al. (1994); Maeno et al. (1994);
Neumeier et al. (1994); Gardner et al. (1995, 1996); Martinez
(1995); Vogt and Buttrey (1995); Braden et al. (1997); Chmais-
sem et al. (1998).
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space-group symmetry. In comparison with many com-
pounds that approximately adopt this structure, there is
very little evidence for structural distortion in Sr2RuO4 ,
and none for structural phase transitions between room
temperature and 100 mK.14 Since we are concerned with
low-temperature properties in this paper, we will use the
low-temperature lattice parameters from the precise
powder neutron-diffraction study of Chmaissem et al.
(1998): a50.3862 and c51.2722 nm.

It is also known that Sr2RuO4 is chemically stable
compared to many oxides. Nishizaki et al. (1996) re-
ported that Tc is nearly unchanged by high-temperature
anneals in oxygen partial pressures ranging from 1022 to
102 bars. As described in Sec. III, Tc is an extremely
sensitive measure of disorder in Sr2RuO4 , so this obser-
vation demonstrates both that the oxygen content is
stable and that it must be very close to stoichiometry.

Although most discussion (including ours) of the su-
perconducting mechanism for Sr2RuO4 concentrates on
magnetic fluctuations and Coulomb repulsion, it is very
likely that phonons also play a significant role. We will
not go into detail here, but we refer the reader to studies
of phonon spectra and electron-phonon coupling by
neutron scattering (Braden et al., 1998) and Raman scat-
tering (Yamanaka et al., 1996; Udagawa et al., 1998; Sa-
kita et al., 2001). The role played by an anharmonic pho-
non observed by Braden et al. (1998) on the isotope
effect in Sr2RuO4 is discussed by Mao, Maeno, et al.
(2001).

2. Electronic structure calculations

To understand the bulk electronic properties of metals
it is important to have knowledge of the electronic struc-
ture. Soon after the discovery of superconductivity in
Sr2RuO4 , Oguchi (1995) performed a calculation of the
electronic energy band structure within the local-density
approximation (LDA), which predicted that the Fermi
surface consists of three strongly two-dimensional
sheets. The labeling of the three closed surfaces as a, b,
and g is the notation that was introduced later by Mac-
kenzie, Julian, et al. (1996a). The calculation showed
that a and b dominantly have the character of Ru
4dxz ,yz orbitals, while g is dominantly 4dxy . The a sheet
is holelike, while b and g are electronlike. Since then,
the results of a number of other calculations have been
published,15 and while they differ in detail, they all con-

14This essentially perfect body-centered tetragonal structure
also makes Sr2RuO4 unique among the layered perovskite ru-
thenates. The others in the series all appear to have lower-
symmetry orthorhombic structures due, for example, to tilting
and/or rotation of the Ru-O octahedra. If Ca is substituted for
Ru in the K2NiF4 structure, substantial distortions also appear.

15Electronic structure calculations have also been reported by
Singh (1995); Hase and Nishihara (1996); McMullan, Ray, and
Needs (1996); Yoshida, Settai, et al. (1998); de Boer and de
Groot (1999); Noce and Cuoco (1999a, 1999b); Mazin, Papa-
constantopoulos, and Singh (2000); Mishonov and Penev
(2000); Perez-Navarro, Costa-Quintana, and Lopez-Aguilar
(2000).
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firm the basic electronic structure of Oguchi. In the ab-
sence of experimental data, the calculated electronic
structure would undoubtedly have been useful in analyz-
ing subsequent experiments. However, the failure of
band-structure calculations to account for some key fea-
tures of cuprate physics might have led to some skepti-
cism about trusting calculation details on isostructural
Sr2RuO4 . Fortunately, it has proved to be possible to
obtain detailed information about the Fermi surface and
quasiparticle spectrum of Sr2RuO4 experimentally, by
observing quantum oscillations (see Sec. II.B).

3. Anisotropic electrical conductivity

The anisotropic dc resistivity (r) of single-crystal
Sr2RuO4 was first reported by Lichtenberg and collabo-
rators (1992), two years before the discovery of the su-
perconductivity. Their basic results are in agreement
with those shown in Fig. 5, which are from a later paper
(Hussey et al., 1998). The resistivity is strongly aniso-
tropic, with low-temperature ratios varying between 400
and 4000 reported by several groups.16 At high tempera-
tures, rc (the interplane resistivity) decreases with in-
creasing temperature, characteristic of an incoherent
conduction mechanism. Similar behavior is seen in many
cuprate materials (see, e.g., Clarke and Strong, 1997,
and references therein). As the temperature is lowered,
however, rc goes through a broad maximum at approxi-
mately 130 K and then follows a metallic temperature
dependence down to Tc . The in-plane resistivity, rab , is
metallic from 300 K to low temperatures, and below ap-
proximately 20 K, both rab and rc have an approximate
T2 dependence, as shown in the inset. This T2 depen-
dence of r at low temperatures is consistent with the
predictions of the Fermi-liquid theory of metals, in
which a quadratic temperature dependence of the

16See Lichtenberg et al. (1992); Maeno et al. (1994, 1997);
Yoshida (1997); Tyler et al. (1998); Ohmichi et al. (2000).

FIG. 5. Anisotropic resistivity in Sr2RuO4 , from Hussey et al.
(1998). The dotted line in the inset, showing the low-
temperature T2 dependence expected of a Fermi liquid, is for
comparison with the data.
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quasiparticle-quasiparticle scattering rate is imposed by
phase-space restrictions on the scattering process (see,
e.g., Schofield, 1999). A particularly notable feature is
the very low residual resistivity of less than 1 mV cm,
which gives evidence of the high sample purity.

Another important aspect of the dc transport shown
in Fig. 5 is the temperature-independent resistive anisot-
ropy below 20 K, which strongly suggests that a standard
anisotropic effective-mass approach is valid for under-
standing the conduction. This implies highly anisotropic,
but basically three-dimensional, conduction at low tem-
peratures, with coherent band formation in the c direc-
tion. Although the temperature dependence of rc in the
cuprates shows considerable variation with material and
doping level, the key feature of the temperature-
independent anisotropy has never been observed in a
cuprate. The idea of coherent transport in all directions
at low temperatures in Sr2RuO4 is consistent with a
study of ac conductivity by Katsufuji et al. (1996), whose
main results are summarized in Fig. 6. Below 30 K, a
Drude peak is seen with the electric field applied both
parallel and perpendicular to the RuO2 planes. Bulk
electrical transport data, then, are consistent with the
existence of a Fermi liquid at low temperatures in
Sr2RuO4 (Maeno et al., 1997). The mechanism of con-
duction at higher temperatures is an interesting issue,
which is mentioned again in Appendix A, along with a
discussion of the effects of high pressure on the normal-
state transport.

FIG. 6. Optical conductivity data for Sr2RuO4 showing that a
Drude peak for transport perpendicular to the Ru-O planes
only develops at low temperatures (a), while the one for in-
plane transport exists up to room temperature (b). The inset to
(a) is a comparison between optical and dc transport perpen-
dicular to the planes. From Katsufuji et al. (1996).
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4. Electronic specific heat

The normal-state specific heat of Sr2RuO4 has been
studied at low temperatures by several groups.17 Early
data from polycrystalline material had some variation,
but single-crystal experiments at Hiroshima and Kyoto
Universities have now given consistent results, an ex-
ample of which is shown in Fig. 7. Below 15 K, Cp is
modeled well by the expression gelT1bphT3, with gel
53862 mJ/mol K2, and bph50.260.005 mJ/mol K4. No
change is seen in either value to within experimental
error (above Tc) in an applied magnetic field of 14 T.
Subtracting the phonon term obtained from the fit
shown in Fig. 7 gives an electronic term constant to
within experimental uncertainty below 15 K, a result
that is again consistent with the predictions of Fermi-
liquid theory.

The majority of band-structure calculations of the to-
tal density of states at EF in Sr2RuO4 yield values for gel
that are smaller than experiment by a factor of 3–4.18

This is consistent with the presence of strong electron
correlations, which are not adequately taken into ac-
count in LDA calculations.

5. Static susceptibility

Typical results for the normal-state static susceptibility
x of Sr2RuO4 are shown in Fig. 8 (Maeno et al., 1997).
The first indication that the raw data are likely to be

17See Maeno et al. (1994); Neumeier et al. (1994); Carter
et al. (1995); Maeno et al. (1997); Mackenzie, Ikeda, et al.
(1998).

18For example, see Oguchi (1995); Singh (1995); Hase and
Nishihara (1996); McMullan, Ray, and Needs (1996); Yoshida,
Settai, et al. (1998); Mazin, Papaconstantopoulos, and Singh
(2000); Mishonov and Penev (2000). An ‘‘LDA1U’’ calcula-
tion (Perez-Navarro, Costa-Quintana, and Lopez-Aguilar,
2000) reportedly gives good agreement with experiment, but
the LDA calculation that these authors use as a starting point
already disagrees with most of the other calculations in its pre-
diction of the total density of states, so it would be interesting
to see the LDA1U part confirmed by another group.

FIG. 7. The total specific heat of Sr2RuO4 divided by tempera-
ture between Tc and 14 K in zero field (filled squares) and an
applied magnetic field of 14 T (open circles) applied parallel to
c. From Mackenzie, Ikeda, et al. (1998).
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dominated by the spin or Pauli term comes from the
striking isotropy of x in the presence of a very aniso-
tropic electronic structure. The data are only weakly
temperature dependent, so extraction of the spin suscep-
tibility can be achieved, in principle, by subtracting two
temperature-independent terms, arising from the dia-
magnetic susceptibility of the core electrons and the or-
bital, or ‘‘Van Vleck’’ term. The former is estimated to
be 20.931024 emu/mol, while an estimate of the latter
is approximately 1.531024 emu/mol (Ishida et al., 1997).
Averaging the low-temperature raw data and subtracting
these terms then gives a best estimate of 0.9
31023 emu/mol for xspin .

B. ‘‘Microscopic’’ knowledge of the metallic state from
quantum oscillations

The properties described so far in this section are
probes of behavior averaged over all the Fermi-surface
sheets of Sr2RuO4 . An important feature of the work
that has been possible on the superconductivity has been
the existence of detailed, sheet-by-sheet information
about the normal-state quasiparticles. This has come
from the observation and analysis of quantum oscilla-
tions, which are a consequence of Landau quantization
of quasiparticle orbits. A description of the general
physics underlying these oscillations and their detection
can be found, for example, in Shoenberg (1984), and full
details of the work done on Sr2RuO4 can be found in
Bergemann et al. (2002). For this reason only a summary
of the salient findings will be given here.

1. The Fermi-surface topography

The extremely high-quality crystals of Sr2RuO4 have
enabled successful studies of the Shubnikhov–de Haas
effect, in which oscillations are seen in the electrical
resistivity,19 and of the de Haas–van Alphen (dHvA)

19See Mackenzie et al. (1996a); Ohmichi et al. (2000).

FIG. 8. The static susceptibility of Sr2RuO4 for fields of 1 T
applied parallel to the ab plane and the c axis, from Maeno
et al. (1997).
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FIG. 9. Typical raw dHvA data
from the high-quality crystals of
Sr2RuO4 that are now available
(from Bergemann et al., 2000).
effect, in which the magnetization is studied.20 Typical
raw data obtained using a field modulation method to
study ]2M/]B2 are shown in Fig. 9. The modulation
field amplitude has been ‘‘tuned’’ to suppress the ampli-
tude of the otherwise dominant low-frequency oscilla-
tion, using a method described by Shoenberg (1984).
The Fourier transform of such data contains three fun-
damental components, labeled a, b, and g, each corre-
sponding to a closed and approximately cylindrical sheet
of the Fermi surface (Fig. 10). By taking data at a closely
spaced series of angles for rotations about the (100) and
(110) directions, it has been possible to build an ex-
tremely detailed picture of the Fermi-surface topogra-
phy of Sr2RuO4 . Even the out-of-plane dispersion is
known, with a k resolution for the a sheet of one part in
105 of the Brillouin zone.

The standard way to describe out-of-plane dispersion
in low-dimensional metals is through hopping integrals
(t'). However, this involves making assumptions about
the shape of the Fermi surface that are too simple for
Sr2RuO4 . Instead, Bergemann et al. (2000) param-
etrized the corrugation of each cylinder through an ex-
pansion of the local Fermi wave vector:

kF~f ,k!5 (
m , n.0
m even

kmn cos nkH cos mf ~mmod4[0 !

sin mf ~mmod4[2 !
J .

(2.1)

FIG. 10. A typical dHvA spectrum for Sr2RuO4 (from Mac-
kenzie, Ikeda, et al., 1998). Both fundamental and harmonic
peaks can be seen. The split b peak is due to the more pro-
nounced corrugation of that Fermi-surface sheet (see Fig. 11
below).

20See Mackenzie et al. (1996a, 1996b); Yoshida, Settai, et al.
(1998); Yoshida et al. (1999); Bergemann et al. (2000, 2001).
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In this expression, k5ckz/2, where c is the height of the
body-centered tetragonal unit cell, and f is the azi-
muthal angle of k in the (kx ,ky) plane. The average
Fermi wave vector is given by k00[A(Ae /p), where Ae
is the cross-sectional area of the cylindrical Fermi-
surface sheet. Symmetry places constraints on the terms
that exist in the expansion for a given sheet. For b and g,
which are centered in the Brillouin zone, kmn is nonzero
only for m divisible by 4. For a, which runs along the
zone corners, kmn is nonzero only for n even and m di-
visible by 4, or for n odd and mmod4[2. Performing a
full fit of the dHvA data to this expansion [which in-
volved a generalization of earlier theoretical treatments
of dHvA amplitudes in nearly two-dimensional (2D)
materials] led to the Fermi-surface data summarized in
Table I and Fig. 11 (Bergemann et al., 2000, 2001,
2002).21

It is important to note that the deviations from per-
fectly two-dimensional, nondispersing cylinders are tiny,
so that for many properties, a two-dimensional approxi-
mation is adequate. For out-of-plane properties, how-
ever, accurate knowledge of the dispersion is crucial and,
as we shall see, this is likely to be important in under-
standing key aspects of the superconductivity. This as-
pect of the experimental Fermi surface is known in
Sr2RuO4 to a higher accuracy than can be reliably ob-
tained from band-structure calculations.

TABLE I. Detailed Fermi-surface topography parameters for
Sr2RuO4 . The warping parameters kmn are given in units of
107 m21. Entries symbolized by a dash are forbidden by the
body-centered tetragonal Brillouin-zone symmetry. From
Bergemann et al. (2002).

Fermi-surface
sheet

k00 k40 k01 k02 k21 k41 k42

a 304 210 - 0.31 1.3 - 21.0
b 622 245 3.8 small - 20.6 small
g 753 small small 0.53 - small 0.5

21In constructing Fig. 11, dHvA has been combined with
probes such as angular magnetoresistance oscillations
(Yoshida, Mukai, et al., 1998; Ohmichi, Adachi, et al., 1999) to
obtain the cross-sectional shapes. Angle-resolved photoemis-
sion spectroscopy (ARPES) ought also to be an ideal tool for
the determination of cross-sectional shape. As discussed in
Appendix B, ARPES on Sr2RuO4 has had a checkered history,
but the recent work of Damascelli et al. (2000) is in good
agreement with a 2D cut through Fig. 11.
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2. Quasiparticle masses

The quasiparticle cyclotron effective masses for the a,
b, and g sheets can be determined from the temperature
dependence of the amplitudes of their frequency com-
ponents. The most comprehensive study has been that of
Bergemann et al. (2001), who checked for systematic
field dependence of the masses in fields of up to 33 T.
Their values (which the study showed to be accurate to
610% for b and g and 65% for a) are presented in
Table II.22 As discussed at more length in Bergemann
et al. (2002), some forms of non-Fermi-liquid metallic
state might lead to unusual field, temperature, and even
angular dependencies of the cyclotron effective mass.
No such behavior has been reported for Sr2RuO4 ,
whose metallic state seems to be a robust Fermi liquid.

3. Basic quasiparticle parameters of Sr2RuO4

The notation introduced by Bergemann and co-
workers is compact and useful, and enables the calcula-

22The literature contains some variations from these values.
In the original reports of mass analyses (Mackenzie et al.,
1996a, 1996b), a simple numerical error in setting up the fit
resulted in slightly incorrect masses, notably the report of 12
electron masses for g. Yoshida, Settai, et al. (1998) reported 4.3
electron masses for a, but few details of the procedure used to
determine them were given. This value is beyond the limits of
the error reported by Bergemann et al. (2001, 2002) and also at
odds with the findings of Mackenzie et al. (1996a, 1996b) and
Mackenzie, Ikeda, et al. (1998).

FIG. 11. The experimentally constrained Fermi surface of
Sr2RuO4 , reconstructed from the data of Table I. The ripples
due to the out-of-plane dispersion have been exaggerated by a
factor of 15. The holelike a sheet is shown by the four dark
cylinders. The b sheet is the central cylinder with a nearly
square cross section. The g sheet is the outer central cylinder
with a nearly circular cross section. It has been cut out in the
bottom left of the drawing to allow the dispersion of b to be
seen more clearly. One-quarter of each a sheet is included in
the first body-centered tetragonal Brillouin zone. Figure is by
C. Bergemann.
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tion of a wide range of physical properties. For the pur-
poses of this article, however, we thought that it would
be useful to summarize the known quasiparticle param-
eters using more conventional notation and approxima-
tions. This is done in Table II. In this table, ^n'

2 & is the
square of the quasiparticle velocity perpendicular to the
planes, averaged over a Fermi-surface sheet, which can
be calculated directly from the dHvA parameters of
Table I (see footnotes to Table II). In converting to av-
erage hopping integrals t' , however, a somewhat artifi-
cial assumption is necessary. We choose the value that
would give the observed value of ^n'

2 & if the sheet had a
dispersion corresponding to lowest-order tetragonal-
type hopping between adjacent layers (i.e., only k01 non-
zero).

C. Normal-state parameters of Sr2RuO4 compared to
those of other materials

The normal-state parameters that generated most in-
terest in the superconductivity of Sr2RuO4 are the en-
hancements of the effective mass and susceptibility over
the band values. Taking the bulk values for both quan-
tities, one estimates enhancements of approximately 4
and 7, respectively (corresponding to a bulk Wilson ratio
of 1.7). As first pointed out by Rice and Sigrist (1995),
these are both quantitatively similar to those of 3He at
atmospheric pressure, providing one of the main moti-
vations for their suggestion of the possibility of spin-
triplet pairing. The mass enhancement is reflected in the
Fermi-liquid scattering rate in a fairly standard way for a
strongly correlated metal, as reflected by its position on

TABLE II. Summary of quasiparticle parameters of Sr2RuO4 .

Fermi-surface
sheet

a b g

Character Holelike Electronlike Electronlike

kF (Å21)a 0.304 0.622 0.753
m* (me)b 3.3 7.0 16.0
m* /mband

c 3.0 3.5 5.5
nF (ms21)d 1.03105 1.03105 5.53104

^n'
2 & (m2 s22)e 7.43105 3.13106 1.03105

t' (K)f 7.3 15.0 2.7

akF[k00[A(Ae /p), where Ae is the cross-sectional area of
the sheet. Published band-structure calculations make correct
predictions of kF to an accuracy of approximately 5%.

bThe masses quoted here are from Bergemann et al. (2001),
and differ slightly from some other values quoted in the litera-
ture. See footnote 22.

cThe values for mband are taken from McMullan, Ray, and
Needs (1996), but are similar for all the published band-
structure calculations.

dnF[\kF /m* .
e^n'

2 &[(\2k00
2 c2/16m* 2)@(mnkmn

2 n2(11dm0)# , where c is the
body-centered tetragonal lattice parameter of 12.7 and the
other symbols are defined as in Eq. (2.7). The ^ & denotes an
average through the Brillouin zone.

fTo parametrize c-axis hopping with a single energy t' re-
quires artificial assumptions, as outlined in the text.
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the empirical Kadowaki-Woods plot (Maeno et al.,
1994). The mass enhancement is not the only ‘‘bulk’’
parameter for which there is Fermi-surface specific in-
formation in Sr2RuO4 . Orbital-specific information on
the static susceptibility has been reported by Imai et al.
(1998) on the basis of 101Ru and 17O NMR and by
Mukuda et al. (1999b) on the basis of 17O NMR.

D. Normal-state spin dynamics

Among the best candidates for the Cooper pair ‘‘glue’’
in unconventional superconductors are spin fluctuations,
because the correlations that tend to favor unconven-
tional order parameters also promote close proximity to
magnetism. For that reason, one of the most desirable
pieces of information in relation to an unconventional
superconductor is knowledge of the spin-fluctuation
spectrum. This is particularly so for a material such as
Sr2RuO4 , because its low Tc , long coherence length,
and precisely known electronic structure offer the op-
portunity for a detailed test of spin-fluctuation theories
of superconductivity. Direct information about the spin-
fluctuation spectrum is derived from the imaginary part
of the dynamical susceptibility, x9(q,v).23 Ideally, one
would like to know this quantity over the whole Bril-
louin zone for all relevant energies, but to achieve that is
a formidable task. Although it is far from complete,
progress has been made, as we now briefly discuss.

In principle, x9(q,v) is a directly measurable quan-
tity, accessible via inelastic neutron scattering. The scat-
tering cross section is so small, however, that very large,
high-quality single crystals are needed for the experi-
ments to yield precise information (see, for example,
Fig. 4). A technique that can give high precision infor-
mation on aspects of x9(q,v) without the need for such
large crystals is nuclear magnetic resonance (NMR).
The spin-lattice relaxation time T1 is related to x9(q,v)
through

1
T1T

} (
q , lim v→0

x9~q,v!

v
. (2.2)

If only one atomic site can be probed, this q integration
is rather restrictive, but if T1 data are available from
more than one site, it is, in principle, possible to extract
more information as to whether the fluctuations are pre-
dominantly ferromagnetic or antiferromagnetic in char-
acter. The relevant analysis is quite involved, however,
and experience with Sr2RuO4 shows that it can have its
pitfalls.

In an early NMR paper, Imai and co-workers (1998)
successfully performed difficult 101Ru and 17O T1 mea-
surements from 4 K to room temperature, and saw very
similar temperature dependence from both in-plane
sites. They pointed out that this would not be expected if
the fluctuations were purely antiferromagnetic, since the

23For a good introduction to the dynamical susceptibility, see
White (1983), Chap. 1.
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fluctuation amplitude should vanish at the magnetically
symmetric O sites. However, they extrapolated this con-
clusion to an unambiguous statement that the spin fluc-
tuations in Sr2RuO4 are predominantly ferromagnetic.
The trouble is that the argument really applies to any q0
away from (p, p), and so cannot be used to rule out the
possibility of strong fluctuations at some incommensu-
rate nesting vector. In fact, a subsequent inelastic
neutron-scattering study by Sidis et al. (1999) showed
that there is a strong fluctuating amplitude at q
'(0.6p , 0.6p), as shown in Fig. 12. These fluctuations
are due to nesting of the a and b sheets of the Fermi
surface, and had been predicted in independent theoret-
ical work by Mazin and Singh (1999). Indeed, the close
agreement between the band-structure-based prediction
and the observation would have been good evidence for
the accuracy of such calculations if that evidence had not
already been provided by the quantum oscillations de-
scribed in Sec. II.B. Further inelastic neutron studies of
the incommensurate fluctuations have been reported by
Servant et al. (2000, 2002).

Mukuda and co-workers (1998, 1999a) performed a
detailed study of 17O NMR with discrimination between
O(1) and O(2) (see Fig. 1), and applied fields parallel
and perpendicular to the c axis. Some of the assump-
tions made in the analysis of these data led them to
propose that interlayer spin fluctuations were strongly
antiferromagnetic in character. This proposal also
turned out to be inconsistent with the results of inelastic
neutron scattering, with Servant et al. (2000) reporting
that no correlated spin fluctuations were observed be-
tween the layers. More detailed accounts of the relation-
ship between the neutron scattering and NMR work can
be found in Sidis et al. (1999) and Ishida et al. (2001b).
The consensus at present is that there is no fundamental
experimental discrepancy, and that the discrepancies of
interpretation have been resolved by a reexamination of
the earlier analyses.

What, then, is the current status of the experimentally
determined x9(q,v)? The peak at qb'(0.6p , 0.6p) is
well established, and Sidis et al. have measured its en-
ergy dependence from 1.5 to 12 meV. This has allowed

FIG. 12. The inelastic-scattering signal that identified the in-
commensurate spin fluctuations in Sr2RuO4 , from Sidis et al.
(1999). The x axis is in reciprocal-lattice units, and the peak
corresponds to the nesting vector q0 of (0.6p, 0.6p) discussed
in the text.
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them to calculate x8(q0,0), and show that it is a factor of
;6 larger than x8(0,0), which is obtained from the static
susceptibility. That the incommensurate fluctuations are
dominant also seems to be supported by the effects of
substitution of Ti41 for Ru. This nonmagnetic ion was
reported to induce static magnetic order by Minakata
and Maeno (2001). Very recently, Braden et al. (2002)
have shown that the static order is incommensurate,
with the same Fermi-surface nesting origin as the peak
at q0 in the unsubstituted compound.

What is not known in any detail is the form of
x9(q,v) in other regions of (q,v) space. It is clearly
important that such information be obtained. A further
subtlety is the likely need to separate the contributions
from the different Fermi-surface (FS) sheets. If the su-
perconductivity is dominated by pairing on g, for
example,24 the effects of nesting resulting from a and b
may be of limited relevance to the superconducting
mechanism. In resolving this kind of issue, the distinct
Ru-orbital characters of the different FS sheets may well
prove to be useful. It seems likely that although further
inelastic neutron-scattering measurements are of pri-
mary importance, their combination with NMR and cal-
culations based on the known electronic structure will
be needed to obtain a complete picture.

III. BASIC PROPERTIES OF THE SUPERCONDUCTING
STATE

In this section we will begin our review of the super-
conducting properties and parameters of Sr2RuO4 . The
contents are organized in approximately chronological
order. First, we review the early measurements that gave
the initial hints of unconventional superconductivity. We
then discuss how the existence of an unconventional
state of some kind was essentially established by the ob-
servation that the superconductivity can be destroyed by
elastic impurity scattering. Understanding the impurity
effects enabled the development of techniques for grow-
ing clean limit crystals on which a wide variety of further
experiments have been carried out; in Sec. III.C we give
the basic Ginzburg-Landau parameters of such clean
limit material. We then begin our review of experiments
that have been performed to investigate the hypothesis
of spin-triplet pairing and hence an odd-parity state. We
show that while a number of tunneling and proximity-
effect experiments are consistent with this hypothesis,
none of those performed to date can be regarded as
conclusive. We close the section with a discussion of ex-
periments measuring the spin susceptibility in the super-
conducting state. These fall into a different category, be-
cause if they have been correctly performed and
interpreted, their results appear to be understandable
only in terms of triplet pairing.

24See, for example, Agterberg et al. (1997); Zhitomirsky and
Rice (2001), and the discussion in Sec. VI.
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A. Early measurements

In the years immediately following the discovery of
superconductivity in Sr2RuO4 , some basic features of
the superconducting state began to emerge. First, it was
shown that Tc is remarkably insensitive to high-
temperature annealing in a wide variety of partial pres-
sures of oxygen, in contrast to observations in the cu-
prates (Nishizaki et al., 1996). It was important that this
be established empirically, since it showed that experi-
ments performed in a variety of environments were un-
likely to be influenced by chemical instability of the
specimens.

The first estimates of the Ginzburg-Landau param-
eters were attempted using a combination of measure-
ments of Hc2 and BCS s-wave expressions relating the
thermodynamic Hc to the normal-state electronic spe-
cific heat (Yoshida et al., 1996a). These correctly con-
cluded that Sr2RuO4 is only weakly type II when the
applied field is parallel to the c axis, and that the crystal
studied, with Tc;0.9 K, was not in the clean limit. An-
other interesting observation was that of a second dissi-
pation peak in ac susceptibility measurements when dc
fields were applied parallel to the Ru-O planes (Yoshida
et al., 1996b). Such a dissipation peak is often seen in
other superconductors and attributed to vortex synchro-
nization. At low temperatures and at low fields, the flux-
line lattice is rigid and not pinned by the randomly dis-
tributed pinning centers, resulting in large dissipation
due to vortex motion in response to the ac field. As
Hc2(T) is approached, collective pinning starts when the
shear elastic constant of the flux-line lattice diminishes,
leading to a decrease in the dissipation (Mao et al.,
1999).

Following the suggestions by Rice and Sigrist (1995)
and Baskaran (1996) of the possibility of triplet super-
conductivity in Sr2RuO4 , workers in the field were
alerted to any signs of unconventional superconducting
behavior. Early evidence came from specific-heat mea-
surements on a sample with Tc51.13 K, which had a
substantial residual density of states that could only be
understood in a homogeneous s-wave superconductor if
magnetic impurities were present in the sample (Maeno
et al., 1996). At approximately the same time, a com-
bined Ru NMR and nuclear quadrupole resonance study
of a sample with Tc50.7 K yielded even more convinc-
ing evidence of unconventional behavior (Ishida et al.,
1997). The combination of NMR at relatively high fields
in the normal state and NQR in zero applied field in
both the normal and superconducting states allowed the
nuclear spin-lattice relaxation rate 1/T1 to be measured
through Tc . In the normal state, 1/T1 has the linear tem-
perature dependence expected of a metal, before falling
sharply at Tc and then recovering its metalliclike tem-
perature dependence deep into the superconducting
state. No coherence peak is seen at Tc . The authors
noted that this behavior was qualitatively similar to that
seen in some cuprate superconductors, and could be un-
derstood in terms of a non-s-wave gap state and elastic
impurity scattering. They pointed out that it was un-
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likely to be due to magnetic impurity scattering in an
s-wave superconductor, because there were no indica-
tions of magnetic impurities from magnetic-
susceptibility or NMR measurements. The complete
lack of NQR line broadening well below Tc was also
good evidence against bulk inhomogeneity (the pres-
ence of coexisting metallic and superconducting regions,
which could not be ruled out as an interpretation of the
specific-heat data in isolation). Although they noted that
a dirty d- or p-wave state was the most natural interpre-
tation of the data, the authors estimated that their
sample was likely to be in the clean limit, and suggested
an intrinsic mechanism for the large residual density of
states. In fact, subsequent work showed that Tc had to
be much higher before the clean limit could be reached.

B. The effects of impurities

1. Impurity suppression of the transition temperature

The variation of Tc seen in the early work on
Sr2RuO4 superconductivity motivated a quantitative in-
vestigation of impurity effects. Destruction of supercon-
ductivity by nonmagnetic impurities is a rather pure test
of non-s symmetry, because Anderson’s theorem shows
that s-wave superconductivity is unaffected by standard
elastic impurity scattering (Anderson, 1959). A simpli-
fied, intuitive picture is given in Fig. 13. As sketched in

FIG. 13. Sketches showing the effect of strong elastic scatter-
ing on two types of superconducting order parameters. In each
case the upper sketch represents the k dependence of the am-
plitude of the superconducting gap around the Fermi surface,
which is shaded. The k-dependent phase is also shown. Typical
elastic-scattering events are denoted by arrows. The lower
sketch is the result of strong elastic scattering: (a) isotropic s
wave, which is essentially unaffected; (b) dx22y2, in which
strong scattering averages the gap to zero, destroying the su-
perconductivity. In any p-wave state, the odd parity guarantees
that there will also be complete destruction of superconductiv-
ity by strong elastic scattering (Color in online edition).
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Fig. 13(a), an isotropic s-wave superconductor is charac-
terized by an order parameter with a k-independent
phase. Strong elastic scattering, which mixes all the k
states, does not affect the magnitude of the order pa-
rameter. In an s state with an anisotropic gap, the scat-
tering will average the gap, giving a reduction in Tc but
not complete suppression of the superconductivity. Only
non-s states such as the dx22y2 state sketched in Fig.
13(b) have order parameters that completely cancel out
under strong k-space averaging. In a p-wave supercon-
ductor, many different forms are possible for the energy
gap, as will be discussed in Sec. IV. In all of these, even
the ones with no nodes in the gap, the odd spatial parity
ensures a full impurity effect and complete suppression
of Tc (Balian and Werthamer, 1963; Larkin, 1965).

To investigate the impurity effect in Sr2RuO4 , a selec-
tion of crystals with Tc ranging from .1.3 K to ,20 mK
were selected for detailed investigation by Mackenzie,
Haselwimmer, et al. (1998a, 1998b). High-precision elec-
tron probe microanalysis was used to check for the pres-
ence of every element with an atomic number between
11 (Na) and 83 (Bi), with a detection sensitivity typically
better than 50 ppm. No magnetic impurities were found
in any of the crystals, but the ones with low or zero Tc
contained detectable traces of Si and Al at levels (always
less than 430 ppm) that showed a correlation with the
residual resistivity. Precise measurements of the low-
temperature resistivity produced the data shown in Fig.
14. Samples with low residual resistivity showed sharp
superconducting transitions, and as the residual scatter-
ing increased, Tc dropped and the transitions became
broader, until the superconductivity was destroyed alto-
gether. Data from 12 samples are summarized in Fig. 15.

The functional form expected for the behavior of Tc
in the presence of pair-breaking scattering was first de-
rived by Abrikosov and Gor’kov (1960a) for magnetic
impurities in an s-wave superconductor:

lnS Tc0

Tc
D5cS 1

2
1

aTc0

2pTc
D2cS 1

2 D , (3.1)

FIG. 14. The low-temperature resistivity of three samples of
Sr2RuO4 with different levels of elastic scattering. The data in
the figure were measured down to 130 mK, but subsequent
susceptibility measurements have confirmed that no supercon-
ductivity is observed above 20 mK in the sample with a re-
sidual resistivity of 1.8 mV cm. From Mackenzie, Haselwim-
mer, et al. (1998a, 1998b).
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where a5\/tkBTc0 is the pair-breaking parameter, 1/t
is the rate of pair-breaking scattering, Tc0 is the value of
Tc in the limit a→0, and c is the digamma function. For
the case of nonmagnetic impurities in unconventional
superconductors, the functional form is unchanged, but
a5\/2tkBTc0 (Millis et al., 1988; Radtke et al., 1993).
The superconductivity is predicted to vanish at a critical
value of a, when the lifetime broadening \t21 becomes
of the same order as the characteristic binding energy
kBTc0 . Expressed in terms of length, this is roughly
equivalent to , becoming of the same order as the su-
perconducting coherence length j.

A least-squares fit of the pair-breaking function to the
experimental data is shown in Fig. 15. The superconduc-
tivity is destroyed when the residual resistivity rises to
approximately 1.1 mV cm. In this low-temperature limit,
the mean free path , can be estimated from the resistiv-
ity using the simple formula

,5
2p\d

e2r(
i

kF
i

, (3.2)

where d is the interlayer spacing, and the sum is over the
three Fermi-surface sheets whose average radii kF as
measured by quantum oscillations are given in Table II.
The value of , at which the superconductivity disappears
is approximately 900 Å, comparable to j (see Sec. III.C).
This semiquantitative agreement is striking, given that
the ,;j relationship is only an approximate prediction
of the theory. Although impurity effects are known in
other unconventional superconductors such as the
heavy-fermion materials UPt3 and UPd2Al3 (Geibel
et al., 1994; Dalichaouch et al., 1995) and the organic salt
(TMTSF)2PF6 (Choi et al., 1984), it was not possible to
make an accurate measurement of ,. In the cuprates,
interpretation of studies such as those of Fukuzumi and
co-workers (1996) is complicated by the influence of in-
elastic scattering at Tc and the unconventional normal-

FIG. 15. The dependence of Tc on residual resistivity for
Sr2RuO4 . The squares indicate samples that showed a small
drop in resistivity but no sign of bulk superconductivity above
130 mK. The solid line is a fit of the Abrikosov-Gor’kov pair-
breaking function to the data as described in the text. Super-
conductivity is destroyed when the mean free path is approxi-
mately equal to the coherence length, and Tc in the clean limit
is predicted to be approximately 1.5 K. From Mackenzie, Ha-
selwimmer, et al. (1998a, 1998b).
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state properties. Sr2RuO4 has thus provided perhaps the
clearest example to date of a nonmagnetic impurity ef-
fect in an unconventional superconductor. The effect has
subsequently been confirmed in two separate studies
(Suderow et al., 1998; Mao et al., 1999).

The fit shown in Fig. 15 also had some predictive
power, because it has proved to be possible through im-
proved crystal growth to produce samples with , as long
as 3 mm. The predicted Tc of approximately 1.5 K has
been observed, allowing the study of Sr2RuO4 to pro-
ceed in samples with negligible impurity pair breaking.

2. Impurity effects on other properties of the
superconducting state

Since the work on the dependence of Tc on elastic
scattering, several studies have been performed on vari-
ous properties of the superconducting state in Sr2RuO4
samples with impurities and defects. In the first of these,
the temperature dependence of the upper critical field
was studied by ac susceptibility in a series of samples
with Tc varying from 0.65 to 1.48 K (Mao et al., 1999). It
was shown that Tc could be reduced substantially by
changes to growth conditions that introduced defects
rather than impurities into the samples. The other main
results were that the temperature dependence of Hc2
shows little dependence on Tc , and that Hc2(0) has a
1/(Tc)2 dependence. Since Hc2;F0/2pj2 and j0
;\nF /kBTc , the observation is exactly what would be
expected for pair breaking in an unconventional super-
conductor. In a more recent paper, Mao, Maeno, et al.
(2001) analyzed the impurity dependence of the isotope
effect in Sr2RuO4 within the Abrikosov-Gor’kov pair-
breaking theory.

The other studies were sensitive to the density of pair-
broken states below Tc . Although the elastic-scattering
dependence of Tc itself is expected to be insensitive to
details of the gap state, the number of normal excita-
tions that are produced by the pair breaking will depend
on the k dependence of the gap. Nodes or strong gap
anisotropy will lead to more pair-broken states than an
isotropic gap for a given scattering rate. Theoretical
treatments have recently been given for some p-wave
gap states explicitly proposed for Sr2RuO4 .25 Experi-
mentally, it has been found that if all the Fermi-surface
sheets open a gap at Tc , the models in their present
form do not account particularly well for the Tc depen-
dence of the residual density of states deduced from
specific-heat data (Nishizaki et al., 1998, 1999). Thermal-
conductivity measurements have also been reported on
strongly pair-broken samples with Tc50.5 and 0.7 K
(Suderow et al., 1998). The results of these studies em-
phasize the importance of having clean limit samples be-

25See, Agterberg (1999); Maki and Puchkaryov (1999, 2000);
Miyake and Narikiyo (1999); Maki et al. (2000), and references
therein.
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fore attempting to deduce gap states from measure-
ments sensitive to normal quasiparticles below Tc (see
Sec. V).

C. Ginzburg-Landau parameters of clean limit Sr2RuO4

The growth of single crystals with Tc approaching the
1.5-K clean limit value enables the intrinsic supercon-
ducting parameters of Sr2RuO4 to be derived from ex-
periment. In this section we perform such an analysis,
using expressions for a single-component Ginzburg-
Landau (G-L) theory. Although it seems that a two-
component G-L treatment is more appropriate for
Sr2RuO4 (see Sec. IV), this would be expected to give
relatively small changes in the numerical values of the
basic superconducting parameters. We believe that the
estimates we give here are a good initial guide to the
properties of the superconducting state of Sr2RuO4 .

The upper critical field for single crystals with Tc
51.49 K has been studied by field-dependent resistivity
for Hiab and Hic (Akima et al., 1999), and by ac sus-
ceptibility for Hic (Mao et al., 1999). Values of 1.5 and
0.075 T were deduced for m0Hc2 for Hiab and Hic ,
respectively. Uncertainties in the choice of criterion to
use at low temperatures restrict the accuracy of these
values to approximately 5%. The thermodynamic criti-
cal field Hc has been derived from specific-heat data by
applying standard thermodynamic expressions (see, for
example, Tinkham, 1996), with a value of 0.023 T de-
duced for a sample with Tc51.48 K (Nishizaki et al.,
1999).

These data can be used to estimate the follow-
ing parameters. The coherence lengths are
jab(0)5@F0/2pm0Hc2ic(0)#1/2 and jc(0)5F0/
2pjab(0)m0Hc2iab(0), where jab is the coherence
length in the ab plane and F0 is the flux quantum.26

Using the relationships Hc2(0)5A2k(0)Hc(0) allows
values for kab and kc to be deduced. Here, we adopt the
notational convention that kab5lab /jab and kc
5(lablc /jabjc)1/2, which means that kab(0)
5Hc2ic(0)/A2Hc(0), and that lab is the penetration
depth when the screening currents are flowing in the ab
plane. The numerical G-L parameters are listed in Table
III. Some of the parameters in Table III have been esti-
mated by other authors. For example, an analysis of the
diffracted intensity measured by small-angle neutron
scattering from the superconducting flux lattice gave an
estimate for lab of 1.93103 Å (Riseman et al., 1998),
while earlier studies on Sr2RuO4 gave gs526 (Yoshida
et al., 1996a).

In principle, many of the parameters given in Table III
can be calculated using the knowledge of the Fermi sur-
face that is summarized in Table II. For instance, the

26It should be noted that the above estimation assumes that
Hc2 is determined by a conventional orbital depairing mecha-
nism. We will discuss later in Sec. VII that Hc2iab(0) appears
to be limited more strongly. The estimate given in Table III for
jc(0) should therefore be regarded as an upper limit.
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upper critical field in a two-dimensional superconductor
with a cylindrical Fermi surface is given by (Schofield,
1995)

m0Hc253.53F0S kBTc

\2 D 2S mi*

kF
i D 2

. (3.3)

If there is more than one Fermi-surface sheet, the larg-
est predicted upper critical field would be expected to
correspond to observation. For Sr2RuO4 , the value for
the g sheet is 0.076 T, in remarkably (and possibly for-
tuitously) good agreement with the observed value. The
predictions for a or b are over a factor of 2 less than
this, but we note that the estimate ignores any possible
in-plane anisotropy of either the Fermi-surface param-
eters or the superconducting gap.

The penetration depth lab is related to the total den-
sity of superconducting electrons, and it can be shown
that all parts of the Fermi surface that have a gap con-
tribute to the low-temperature value of l (Rickayzen,
1969). Specifically,

1
l2~0 !

5
NAe2m0

VMme
(

i

Ni

mi*
, (3.4)

where Ni is the number of electrons per formula unit in
band i and VM /NA is the volume of one formula unit.
The specific-heat data of Nishizaki et al. (2000) indicate
that all three Fermi-surface sheets are essentially fully
paired at low temperatures, in which case Eq. (3.4) pre-
dicts that lab5980 Å, in relatively poor agreement with
observation. One possibility for the discrepancy is the
use of the G-L expressions outside the temperature
range of their validity, but this seems unlikely since the
temperature dependencies of Hc and Hc2 are fairly simi-
lar.

An even more puzzling discrepancy comes from cal-
culations of the superconducting anisotropy parameter
gs . Using the BCS-like expression j0;\nF /kBTc leads
to the expectation that gs5^nF&/^n'& , where nF and n'

are in-plane and out-of-plane Fermi velocities, and ^&
denotes an appropriate Fermi-surface average. Taking

TABLE III. Superconducting parameters for Sr2RuO4 with
negligible impurity pair breaking (Tc.1.48 K). jab is the in-
plane coherence length, lab is the penetration depth for in-
plane screening currents, and kab5lab /jab , so all these quan-
tities are defined for magnetic fields applied parallel to c. gs is
the anisotropy parameter of the superconducting state. For
other definitions see the main text.

Parameter ab c

m0Hc2ic(0) (T) 0.075
m0Hc2iab(0) (T) 1.50
m0Hc(0) (T) 0.023
j(0) (Å) 660 33
l(0) (Å) 1520 3.03104

k(0) 2.3 46
gs5jab(0)/jc(0) 20
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values for ^n'& (defined for simplicity as A^n'
2 &) and

^nF& from Table II gives estimates for gs of 117, 57, and
174 for the a, b, and g Fermi-surface sheets, all of which
are larger than the observed value of 20. The latter was
obtained experimentally from Hc2iab /Hc2ic , and might
be expected to be determined by the largest of the three
calculated values if the dominant sheet in determining
the pairing were g, as suggested by the value of Hc2ic .
Although considerable simplifications have been made
in parametrizing the complicated c-axis dispersions of
Sr2RuO4 in one set of ^n'& , it is hard to see that any of
these could account for such a large disagreement. The
same considerations apply to the use of a two-
component G-L treatment. This discrepancy is discussed
again in Sec. VII.

D. Tunneling and proximity-effect studies

In this section we review progress on a broad class of
experiments in which unconventional superconductivity
is probed by studying the current-voltage characteristics
of interfaces of some kind. These could include metal-
superconductor, metal-insulator-superconductor, and
superconductor-insulator-superconductor junctions. All
have been tried on Sr2RuO4 , with somewhat mixed re-
sults. In some cases, sample quality has been question-
able. Even when top quality, well-understood samples
have been used, the all-too-common problems of under-
standing and controlling interfaces have arisen. In this
sense, the work on Sr2RuO4 has mirrored much of that
throughout the history of research on unconventional
superconductivity. Interpretation of the work that we
will review has usually been made in terms of postulated
triplet states, and it is fair to say that while none of the
published experiments contradicts the existence of a
triplet state, none can be regarded as consistent with
only such a state. This point is made by most of the
authors concerned.

One of the earliest reports in the field came from Jin,
Zadorozhny, et al. (1999), who studied the temperature
dependence of the critical current in what were designed
to be Pb-Sr2RuO4-Pb proximity junctions with current
injected along the c axis of Sr2RuO4 . An interesting ef-
fect was seen, but after performing the majority of the
experiments, they became aware that the Josephson ef-
fect was present only in samples containing significant
amounts of Ru inclusions (see Appendix C). As they
discuss at some length, this means that the effective ge-
ometry was almost certainly Pb-Ru-Sr2RuO4-Ru-Pb,
with current injection into the ab planes of Sr2RuO4 . In
either case, the proximity junction results indicate that
an s-wave superconducting wave function penetrating
into Sr2RuO4 appears to interfere with the superconduc-
tivity of Sr2RuO4 . An analysis of such a situation based
on a first-order process with the assumption of a p-phase
shift between the junctions was reported by Honerkamp
and Sigrist (1998a), while Yamashiro et al. (1998a) made
some calculations based on a second-order process in a
pure Pb-Sr2RuO4-Pb proximity junction.
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In later work, Jin et al. (2000) reported the results of a
study of the Josephson effect between In and Sr2RuO4 ,
this time in high-quality samples in which there was no
evidence for Ru inclusions. In c-axis junctions, no Jo-
sephson current was seen, in agreement with the group’s
earlier findings for Pb-Sr2RuO4 . For current injection
into the ab plane, however, some junctions did give a
Josephson current, as shown in Fig. 16. As the authors
stress, the junctions are far from perfect. Reproducibility
is quite poor, and no Fraunhofer pattern is seen. The
form of I-V characteristic suggests the formation of a
superconductor-noninsulator-superconductor junction,
but it is not clear why this should be the case. As shown
in a scanning-tunneling microscopy study by Matzdorf
et al. (2000), there is an atomic reconstruction of the ab
surface layer of Sr2RuO4 (which is presumed to be me-
tallic), but no equivalent measurements have been pos-
sible on the ac face. This does not cleave well, and Jin
et al. stressed that surface roughness exists on the pol-
ished faces of their sample. More recent work by Sum-
iyama et al. (2002) reported observation of Josephson
currents for c-axis Sn- and Nb-Sr2RuO4 junctions, in
contrast to the report by Jin et al. (2000). However, the
latter authors warned of the possibility that their obser-
vations were due to ab-plane tunneling at steps in their
cleaved surfaces.

Notwithstanding these difficulties, the above work
raises an important issue. If Sr2RuO4 is an odd-parity
triplet superconductor, why is a Josephson junction of
any kind possible with an even-parity singlet supercon-
ductor such as In? Jin et al. (2000) give a brief review of
calculations that show that first-order Josephson cou-
pling in such cases is possible in the presence of spin-
orbit coupling. Under the assumption of a triplet state in
Sr2RuO4 , their results provide ‘‘selection rules’’ for such
coupling. Their observations are, however, equally inter-

FIG. 16. I-V curves at various temperatures for an in-plane
In/Sr2RuO4 junction. The finite critical current Ic is indicated
on the figure. From Jin et al. (2000).
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pretable in terms of a singlet d-wave state.27

A different consequence of unconventional supercon-
ductivity was reported by Laube et al. (2000), who inves-
tigated Andreev reflection at Pt-Sr2RuO4 point-contact
junctions in which the current was again injected prima-
rily parallel to the ab planes. The physics of normal-
metal–Sr2RuO4 junctions has been studied theoretically
by Honerkamp and Sigrist (1998b) and other authors.28

Laube et al. observed a zero-bias anomaly, and argued
that the most likely cause was an Andreev bound state.
Such bound states exist only in unconventional super-
conductors for which the phase is not constant, and so
their observation with Sr2RuO4 provided more evidence
for an unconventional order parameter of some kind.
The experiment is not, however, ideal for distinguishing
triplet and singlet superconductivity, as the authors
themselves emphasized. Another puzzle is that their
analysis yielded a value for the superconducting gap that
is a factor of 5 higher than that expected for weak
coupling.29

In summary, then, considerably more work is likely to
take place in the future on tunneling, Andreev scatter-
ing, and proximity effects in Sr2RuO4 . A long-term goal
would be the direct measurement or concrete denial of
the existence of odd parity, but reproducible interfaces
and junctions will be necessary precursors to this type of
experiment. The experience to date suggests that it may
take some time before all the relevant difficulties are
overcome. As an example of the advances that need to
be made, we note that some of the ground-breaking
phase-sensitive measurements on the cuprates were
made on thin films (e.g., Tsuei et al. 1994). The purity
requirements for superconductivity in Sr2RuO4 are suf-
ficiently stringent that to date, no one has succeeded
even in producing a superconducting film, far less a Jo-
sephson junction based on one.

E. Experimental evidence for triplet pairing

The experiments described so far provide strong evi-
dence for unconventional superconductivity in
Sr2RuO4 , but little direct evidence that the supercon-
ducting state involves spin-triplet Cooper pairing. In

27Indeed, unpublished work by van Harlingen and collabora-
tors is interpreted by them as evidence against a triplet state in
Sr2RuO4 . Their observations are qualitatively in agreement
with those published by Jin et al. (2000), but they argue that
the size of the Josephson current that they observe is unlikely
to be compatible with the interpretation given by Jin et al.
Issues of quantitative agreement such as these are likely to be
settled only once improved quality junctions become available,
and might also require further theoretical input.

28For example, see Yamashiro et al. (1997, 1998b, 1999); Hi-
rai, Tanuma, et al. (2001); Hirai, Yoshida, et al. (2001).

29A value of this magnitude is also at odds with the results of
separate unpublished low-temperature scanning-tunneling mi-
croscopy studies by Morpurgo and collaborators and the group
of J.C.S. Davis, who associate lower-energy features with the
opening of the superconducting gap in Sr2RuO4 .
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principle, this evidence could be determined from a
proof of the existence of odd parity or from probes that
have a direct sensitivity to the spin part of the pair wave
function. As seen in Sec III.D above, no convincing
demonstration has yet been made of odd parity. We con-
centrate, therefore, on spin-sensitive probes. The most
precise measurements have been those of the spin sus-
ceptibility in the superconducting state by NMR. These
experiments and their interpretation are such important
aspects of the unfolding story of superconductivity in
Sr2RuO4 that we think it appropriate to discuss both the
technique and the measurements in some detail.

1. Spin susceptibility by the NMR Knight shift

The most direct evidence for triplet pairing so far has
come from a study of the spin susceptibility into the
superconducting state. In a metal, the origin of Pauli
spin susceptibility xs is the Zeeman splitting into spin-up
and -down Fermi surfaces, accompanied by a lowering
of the free energy by 1

2 xsH
2. This Fermi-surface polar-

ization opposes Cooper pair formation in spin singlets,
because states k↑ and k↓ no longer exist at the Fermi
surface. In weak applied magnetic fields, the free-energy
gain from the condensation of superconductivity is
dominant, the polarization of the Fermi surface is sup-
pressed, and xs→0 as T→0. For spin-triplet Cooper
pairing, the components of the triplet that involve equal
spin pairing are unaffected by the Fermi-surface polar-
ization, so condensation in these channels does not af-
fect the spin susceptibility. For some p-wave order pa-
rameters, a partial change in xs is predicted for all
directions of the applied magnetic field while for others
a complete suppression of xs is predicted in one direc-
tion of the applied field and zero suppression in others
(see, for example, Leggett, 1975 and Sec. IV below). The
key point of relevance to the following discussion is that
an observation of a temperature-independent spin sus-
ceptibility deep into the superconducting state can be
consistent only with the existence of triplet pairing.

The difficulty of measuring xs in superconductors (as
opposed to neutral superfluids) is the Meissner effect.
Even in strongly type-II materials for which strong field
penetration can be achieved, the static susceptibility is
dominated by the diamagnetism of the screening cur-
rents. This problem can be overcome, in principle, by
using the NMR Knight shift to measure the spin suscep-
tibility. The Knight shift is the difference between the
NMR frequency of a nucleus when it is in a metal or
superconductor rather than an insulator. It has an orbital
part (Korb) due to diamagnetism of bound and free elec-
trons, and a spin part (Kspin) due to the Pauli paramag-
netism of the conduction electrons:

v5ggyrB int~11Korb1Kspin!, (3.5)

where v is the NMR frequency, ggyr is the gyromagnetic
ratio of the nucleus being studied, and B int is the average
magnetic field in the sample. Typical values for Korb or
Kspin are below 1%. Only s electrons interact directly
with the nucleus, so in the many metals of interest for
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which the conduction bands have strongly non-s charac-
ter, Kspin arises from the exchange interaction between
the conduction electrons and the s electrons, causing a
hyperfine contact interaction between the latter and the
nuclei. This effect, called core polarization, is the only
way in which the nuclei ‘‘see’’ the spin magnetism of
non-s conduction electrons, since their wave functions
vanish at the nuclear sites. Negative values of Kspin arise
when the core polarization contact field is opposite to
the applied field, and are fairly common (MacLaughlin,
1976).

In analogy with the above discussion for xs , Kspin is
expected to disappear as T→0 in a singlet paired super-
conductor (Yosida, 1958). In superconductors the Meiss-
ner effect means that B int is often suppressed from the
value of the applied field when the sample enters the
superconducting state. This gives a change to v that
could easily be confused with a change in Kspin . In
type-I material this problem means that powder samples
with very small grain sizes have often been employed,
which has in turn has led to difficulties of interpretation
due to spin-orbit scattering.30

In strongly type-II superconductors, however, the situ-
ation is somewhat simpler. The value of k determines
the strength of contributions from the vortex lattice to
the observed NMR signal. Both the ‘‘Meissner shift’’ of
B int and the broadening due to its inhomogeneity are
expected to be of order m0M/Bappl , and M can be esti-
mated using the Abrikosov formula

M5
Hc22H

~2k221 !b
, (3.6)

where b is a constant of order 1. For high k, m0M/Bappl
can be ;1024, much smaller than typical Knight shifts.
There is then no need to work with grains whose char-
acteristic size is of the order of the penetration depth, as
long as the normal-state conductivity is sufficiently low
that the rf fields can penetrate significantly into the
sample. For example, Knight-shift measurements in
YBa2Cu3O7 were influential in ruling out the possibility
of triplet superconductivity in the cuprates (Takigawa
et al., 1989; Barret et al., 1990).

In Sr2RuO4 , the conditions are ideal for Knight-shift
measurements with the dc field applied in the ab plane.
The conductivity along the c axis is relatively low, so the
skin depth is tens of microns along the field direction.
Also, the material is strongly type II for this configura-
tion (see Table III). For k546, and Bappl5Bc2/2,
m0M/Bappl;231024, much smaller than typical Knight
shifts. It should thus be possible to ignore complications
due to the Meissner effect in an NMR experiment on
Sr2RuO4 , even though this would not be the case for a
measurement of the static susceptibility.

30For example, Anderson (1959); Abrikosov and Gorok’v
(1960b); Androes and Knight (1961). In some type-I materials,
the use of thin-film samples removed the spin-orbit scattering
problem and the behavior expected of spin-singlet supercon-
ductors was recovered; for a review, see MacLaughlin (1976).
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This key experiment was performed by Ishida et al.
(1998), who worked with high-quality samples (Tc
.1.4 K) which had been specially enriched with 17O to
ensure a favorable value of ggyr . In the experimental
configuration used, there are two inequivalent oxygen
sites, O(1)x and O(1)y , which have Knight shifts just
above Tc of 0.5% and 20.15%, respectively. In order to
separate the contributions of Korb and Kspin to the total
shift K tot , they used the well-established technique
(Clogston et al., 1964) of plotting K tot against the mea-
sured normal-state spin susceptibility xs (Fig. 17). The
rationale behind such ‘‘K-x’’ plots is that any tempera-
ture dependence of x in a narrow band system must
come from the spin part. If a parametric plot of K tot
versus xs shows a linear variation, Korb can be read off
from an extrapolation to zero xs , allowing the isolation
of Kspin for any temperature of interest.31 For the oxy-
gen NMR in Sr2RuO4 , this gives estimates for Korb of 0
and 0.2% for O(1)x and O(1)y , respectively. This
analysis is important because it allows a scale to be set
for the change in K tot expected in the superconducting

31Orbital contributions (assumed to be temperature indepen-
dent) have been subtracted from x tot to obtain the xs used in
Fig. 17, but in Sr2RuO4 these are thought to be small (less than
10% of x tot , as discussed in Sec. II.A.5), and so should not
represent a significant source of systematic error in the analy-
sis.

FIG. 17. The Knight shift for the two in-plane oxygen sites
O(1)x and O(1)y (defined in the inset) plotted against the spin
part of the static susceptibility xs . Values of the orbital Knight
shift of 0.2% and 0% are deduced for O(1)x and O(1)y , re-
spectively. From Ishida et al. (1998).
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state for each site if Kspin→0 as T→0 for singlet pairing.
The central observation of Ishida et al. is shown in

Fig. 18. In contrast to the expectation for singlet super-
conductivity, no change is resolved in K tot as T→0 in an
applied field of 0.65 T (just under Bc2/2). The form of
temperature dependence expected for a clean limit
d-wave superconductor is shown by the dotted lines.
More recently, the Knight-shift experiments have been
performed on Ru nuclei, yielding the same conclusion
from data with much higher resolution (Ishida et al.,
2001a). A fuller analysis of the implications of this result
in relation to possible triplet order parameters is given
in Sec. IV.B. Here the key point to emphasize is that if
this experiment is correctly interpreted, a triplet order
parameter of some kind is the only conclusion that can
be drawn.

2. Spin susceptibility by polarized neutron scattering

A second measurement that can give information on
the magnetic susceptibility into the superconducting

FIG. 18. The temperature dependence of K for the O(1)x site
(circles) and O(1)y site (squares) as Sr2RuO4 is cooled
through Tc in a magnetic field of 0.65 T applied parallel to the
ab planes. Measurements of the spin-lattice relaxation rate
were used to confirm by NMR the value of Tc(H), which can
also be obtained from susceptibility measurements. If the pair-
ing in Sr2RuO4 were spin singlet, K would be expected to be
approximately 0.05% and 0.15% in the low-temperature limit
for O(1)x and O(1)y , respectively, once the vortex core con-
tribution at 0.65 T had been taken into account. The dotted
lines are calculations of the temperature dependence expected
for an example of a spin-singlet state, the dx22y2 state that
exists in the cuprates. The fact that K remains temperature
independent in the superconducting state for both sites is
strong evidence for triplet pairing. From Ishida et al. (1998).
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state is polarized neutron scattering, a technique first
used in the study of s-wave superconductivity by Shull
and Wedgewood (1966) and recently applied to
Sr2RuO4 by Duffy and co-workers (2000). The idea is
that in a magnetized material, neutron scattering occurs
with Fourier components at reciprocal-lattice vectors
because of both the periodicity of the nuclear positions
and the microscopic periodicity of the magnetization
density. The two scattered waves interfere, and, as de-
scribed by Duffy et al., the magnetic scattering can be
isolated by measuring the flipping ratio R. This is de-
fined as the ratio of scattering cross sections for initial
neutron states that are parallel or antiparallel to the ap-
plied magnetic field, and with an arbitrary final spin
state. For a small induced moment

R511A
M i~k!

FN~k!
, (3.7)

where k is the scattering vector, M i(k) is the component
of magnetization parallel to the applied field, FN(k) is
the nuclear structure factor, and A51.163109 J T m.

The findings of Duffy et al. (2000) are summarized in
Fig. 19. The control measurement on V3Si shows the
expected magnitude of change to the susceptibility due
to singlet pairing. In contrast, there is no resolvable
change in the measured susceptibility as Sr2RuO4 enters
the superconducting state, for Biab . This is another key

FIG. 19. Spin-polarized neutron-scattering results from an
s-wave superconductor (V3Si) and Sr2RuO4 . In (a), the origi-
nal work of Shull and Wedgewood is confirmed, and the
Yosida function is seen to be obeyed. (b) shows that in
Sr2RuO4 , there is a marked contrast between the observed
behavior (temperature independent within experimental er-
ror) and that expected if Sr2RuO4 had singlet pairing.
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experiment on Sr2RuO4 . The basic conclusion is the
same as that of Ishida and co-workers (1998), namely,
that the behavior of the spin susceptibility into the su-
perconducting state of Sr2RuO4 is consistent only with
some form of triplet pairing.

F. Summary and conclusions

In this section, we reviewed the basic superconducting
parameters of Sr2RuO4 and the early experimental work
that provided very good evidence for unconventional su-
perconductivity of some kind. We then discussed some
of the experiments that have been interpreted explicitly
in terms of triplet superconductivity. These undoubtedly
fall into two classes: experiments for which a spin-triplet
state can be argued to be the ‘‘best’’ interpretation, and
experiments for which it seems to be the only plausible
interpretation. The latter could also be described as ex-
periments whose reported findings would have to be
wrong if Sr2RuO4 were a spin-singlet superconductor.
The NMR and polarized neutron experiments fall into
that class, and the fact that they have generated consis-
tent conclusions is strong evidence for the existence of a
triplet state of some kind in Sr2RuO4 . Although we do
not wish to state this as a conclusion with 100% cer-
tainty, we believe that there is sufficient justification for
us to proceed with a more detailed treatment of triplet
order parameters, and a closer examination of the ex-
perimental data from Sr2RuO4 within the triplet frame-
work.

IV. MOST LIKELY SYMMETRY OF THE Sr2RuO4 TRIPLET
STATE

In this section we discuss the possible p-wave order-
parameter symmetry of Sr2RuO4 in more detail. In or-
der to do this, we first introduce the concept of the
d-vector order parameter for triplet superconductors.
We will try to do this in as simple a way as possible, since
our aim is to give a flavor of the concept rather than a
detailed derivation. For more complete and rigorous
treatments the reader is referred to classic articles such
as those by Balian and Werthamer (1963), Leggett
(1975), Annett (1990), and Sigrist and Ueda (1991), and
the excellent books by Vollhardt and Wölfle (1990), Tsu-
neto (1998), and Mineev and Samokhin (1999). An el-
ementary discussion of symmetry breaking and uncon-
ventional superconductivity can be found in Annett
(1995).

In our discussion, we adopt notational and linguistic
conventions that were essentially developed for super-
fluid 3He, in which there is no crystal lattice. Although
the lattice in Sr2RuO4 clearly plays an important role in
many aspects of its electronic structure, this ‘‘lattice-
free’’ notation has been widely adopted in the experi-
mental literature, so we believe that it is best to retain it
here. The effects of the crystalline environment are then
discussed.

In the absence of a crystal lattice, the symmetry of the
superconducting state is related simply to the relative
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
orbital angular momentum of the electrons in each Coo-
per pair. L50 corresponds to s symmetry, L52 to d, and
L51 to p. Even orbital angular momentum corresponds
to antisymmetric singlet spin pairing, and odd orbital
angular momentum to symmetric spin-triplet pairing
with S51. Within this description, which is exact for a
superfluid such as 3He, spin space and orbital space are
decoupled, so that the direction of S has no definite re-
lationship with the direction of L.

A. Introduction to the d vector

1. The elegance of d-vector formalism

The order parameter in a superconductor is expressed
in terms of the gap function D(k). Superconductivity is a
state of spontaneously broken symmetry, and D(k) has
the full symmetry properties of the condensate wave
function. Gauge symmetry is always broken at Tc , and
in s states, no further symmetries are broken. In d states,
additional symmetry breaking can take place. For the
well-known dx22y2 state of the cuprates, for example,
D(k) breaks the 90° rotation symmetry of the square
lattice. In s- and d-symmetry superconductors, the elec-
trons pair in antisymmetric spin singlets, and a single
complex function is sufficient for D(k). In p-symmetry
superconductors, however, the spatial part of the pair
wave function is antisymmetric. The first consequence of
this is that the gap function automatically breaks the
reflection symmetry of a square lattice in two dimen-
sions. The second consequence is that the spins of the
pair form a symmetric triplet state, requiring three inde-
pendent gap functions to describe the spin dependence
of the pairing.

The need to take into account the spin dependence of
the pairing motivates the use of a general 232 matrix
formalism for D(k):

D~k!5FD↑↑ D↑↓
D↓↑ D↓↓

G ; (4.1)

in which the elements correspond to the spin state of the
electrons that constitute the Cooper pair. Here, k is a
unit vector specifying a direction in momentum space. In
this formalism, a singlet superconductor is described by
setting D↑↑5D↓↓50 and D↑↓52D↓↑5Ds , while for the
triplet case, D↑↓5D↓↑5D0 .

Balian and Werthamer (1963) noted that for triplet
pairing, the gap matrix can be represented in terms
of a three-component complex vector d(k)
5@dx(k), dy(k), dz(k)# . If d(k) is defined such that

D~k!5FD↑↑ D0

D0 D↓↓
G5F2dx1idy dz

dz dx1idy
G , (4.2)

then it transforms like a vector under a rotation of spins.
The elegance of this formulation has led to the almost
universal adoption of the vector representation of the
order parameter for triplet superconductors. The d vec-
tor describes the symmetries of the superconducting
state, the spin and orbital angular momentum of the
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Cooper pairs, and the nodal structure of the energy gap
in a remarkably compact way. In light of the subsequent
interest in spin-singlet d-wave superconductivity, the
choice of d for the order parameter for spin-triplet su-
perconductors is unfortunate. However, it is in wide-
spread use, and is hence the nomenclature that we adopt
in this article.

The gap matrix [Eq. (4.2)] has the same symmetries as
the Cooper pair wave function, so the state vector uc& of
a triplet superconductor can be expressed as

uc&5D↑↑u↑↑&1D↓↓u↓↓&1D0~ u↑↓&1u↓↑&), (4.3)

where the bases u↑↑&, u↓↓&, and (1/A2)(u↑↓&1u↓↑&) corre-
spond to pair spin projections Sz51, 21, and 0, respec-
tively. If a new set of bases x, y, and z is introduced such
that

z5uSz50&5
1

A2
~ u↑↓&1u↓↑&),

x5uSx50&5
1

A2
~2u↑↑&1u↓↓&),

y5uSy50&5
1

A2
~ u↑↑&1u↓↓&), (4.4)

the state vector uc& can be written

uc&5&~dxx1dyy1dzz!. (4.5)

The energy spectrum of excited quasiparticles with wave
vector k can be expressed in terms of d as

Ek5A«k
21d•d* 6udxd* u, (4.6)

where Ek is the energy of the quasiparticle, and «k is
referenced to the chemical potential in the usual way
(e.g., see Waldram, 1996 and footnote 4). If ud3d* u50,
the state is referred to as ‘‘unitary,’’ and d•d* can be
simply identified with the square of the superconducting
energy gap, uD(k)u2. In contrast, a nonunitary state with
d3d* Þ0 is composed of Cooper pairs with two distinct
energy gaps. One of these gaps can even be zero, result-
ing in a state in which not all the electrons form Cooper
pairs, even at T50.

For unitary states,32 all the electrons are paired, and
d(k) has immediate physical meaning. Its direction de-
fines the normal to the plane in which the electrons
paired at (k,2k) are equal spin paired (u↑↑& and u↓↓& rela-
tive to any quantization axis in that plane), and its mag-
nitude is proportional to that of the energy gap at (k,
2k).

As we discuss below, the d vector that has been dis-
cussed most in relation to Sr2RuO4 is commonly written

32Unitary states are energetically favored in weak-coupled
paramagnetic superconductors in the absence of symmetry-
breaking fields. A special extra mechanism would be required
to produce a nonunitary state. See, for example, Sigrist and
Zhitomirsky (1996); their interest and that of Machida et al.
(1996) in nonunitary states was stimulated by early measure-
ments showing a large residual density of states below Tc . It is
now accepted that the best samples have a very small residual
density of states (see Sec. V).
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as d5D0ẑ(kx6iky), retaining the notation developed
for 3He. Here ẑ is a unit vector specifying a direction in
spin space, and (kx6iky) provides information about
the spatial part of the pair wave function. It is important
to consider the consequences of a crystal lattice, and
hence the extent to which such a notation is useful for
Sr2RuO4 . In the absence of a lattice, spin and orbital
angular momenta are good quantum numbers, and spin
and orbital spaces are decoupled, with no fixed relative
direction. If lattice effects and spin-orbit coupling are
too strong, there is little meaning in retaining a classifi-
cation of superconducting states in terms of the orbital
angular momentum of a pair wave function. In
Sr2RuO4 , however, it seems likely that these effects are
sufficiently weak that the ‘‘lattice-free’’ nomenclature
used here is still a reasonable approximation. Spin-orbit
coupling is sufficiently strong to ‘‘pin’’ the spin axes
along fixed directions relative to the lattice, but not
strong enough to invalidate the idea of a pair wave func-
tion with L51.33

2. Deducing details of the superconducting state from d

We now give a brief example of deducing details of
the pairing state from a d-vector order parameter, con-
centrating on the example of a unitary state given above:

d5D0ẑ~kx6iky!5D0F 0
0

kx6iky

G . (4.7)

In the presence of a weak spin-orbit interaction, it is
natural to take the z direction of the spin wave function
along the crystalline c axis. As depicted by the thin ar-
rows in Fig. 20, the S51 paired spins are within the
two-dimensional plane (the ab plane) and consist of an
equally weighted superposition of u↑↑& and u↓↓& states for
any quantization axis within that plane.

By definition, the orbital part of a p-wave state has
angular momentum 1. Since the orbital wave function is
expressed by the spherical harmonics

Y1615~ 3
8 p!1/2 sin u exp~6if!5~ 3

8 p!1/2~kx6iky!,
(4.8)

kx6iky represents the states with Lz561. Thus the
relative orbital motion of the electrons of a Cooper pair
is either clockwise or counterclockwise. The fact that all
the Cooper pairs within a given superconducting domain
exercise the same direction of the rotation leads to bro-
ken time-reversal symmetry, which we discuss later. The
thick arrows in Fig. 20 represent the state with Lz

33Strictly speaking, the gap functions should be modified to
reflect the lattice symmetry, and sin kxa should be used instead
of kx , etc. (see, for example, Miyake and Narikiyo, 1999 or
Zhitomirsky and Rice, 2001). Since this convention has not
been widely adopted in the literature, we leave it for a more
rigorous treatment of the vector order parameters appropriate
to Sr2RuO4 .
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511; the angular momentum vector is pointing up along
the c direction. The energy gap

uD~k!u5~kx
21ky

2!1/2 (4.9)

is isotropic on a two-dimensional, cylindrical Fermi sur-
face, as shown in Fig. 21. Note the difference between an
s-wave gap and that sketched in Fig. 21. Although the
magnitude of the gap is isotropic, its phase continuously
changes with f, satisfying odd parity.

If the Fermi-surface cross section is not circular, the
gap is not isotropic (and functions such as those de-
scribed in footnote 33 should be used). However, the
simple notation of Eq. (4.7) correctly captures two of the
key aspects of the superconducting state—its basic sym-
metries, and the fact that it is nodeless in two dimen-
sions.

The A phase of superfluid 3He (the ABM state) has
the same d vector as Eq. (4.7). We note once more, how-
ever, that superfluid 3He does not have any crystal to fix
the directions of the orbital and spin-wave functions.
Also, its energy gap has point nodes at the north and
south poles of the spherical Fermi surface.

3. Allowed states for Sr2RuO4 and spin-orbit coupling as a
degeneracy breaking mechanism

We hope that the above example gives insight into
decoding the physical properties of a state associated

FIG. 20. Sketches of Cooper pair S and L vectors for the order
parameter d5D0ẑ(kx6iky). The large arrows denote L and
the small arrows the spins of the electrons in a pair. We assume
that weak spin-orbit coupling pins the z direction to the out-
of-plane direction of a real, highly anisotropic crystal such as
Sr2RuO4 . The spins lie in the plane, and all L vectors are
aligned perpendicular to the plane and parallel to one another
in any domain. Time-reversal symmetry is therefore broken
due to the orbital part of the wave function. In the plane, there
is equal spin pairing for any quantization axis, which the series
of small arrows aims to depict. This state is the two-
dimensional analog of the ABM or A phase of 3He. Image is
by K. Deguchi.
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with a given d-vector order parameter. Although we
have chosen the order parameter that has been most
widely discussed in relation to Sr2RuO4 (see Secs. IV.B
and IV.C), of course it is not the only triplet state al-
lowed for a tetragonal material. The full list of allowed
states is given in Table IV and derived in, for example,
Annett (1990), Sigrist and Ueda (1991), Rice and Sigrist
(1995), and Machida et al. (1996). For the reader inter-
ested in more detail, further analysis of three more of
these is presented in Appendix D. The states analyzed
there, D0ẑkx , D0( x̂kx1 ŷky), and D0/2( x̂1i ŷ)(kx
1iky), have relevance either as two-dimensional ana-
logs of states existing in 3He or as states that might be
adopted in Sr2RuO4 in symmetry-breaking fields.

What factors are likely to lead to one of the states in
Table IV being favored in Sr2RuO4? For weak coupling
and in the absence of symmetry-breaking fields, it is ex-
pected that fully gapped unitary states, if available, will
give a larger condensation energy than states with nodes
(Rice and Sigrist, 1995). As can be seen from Table IV,
many states satisfy this requirement, and all of them are
degenerate in a tetragonal crystal field. Splitting the de-
generacy further involves the spin part of the wave func-
tion. One way that it can occur is through the spin-
fluctuation feedback mechanism that was extensively
investigated in superfluid 3He (Leggett, 1975; Vollhardt
and Wölfle, 1990). This would be expected to break the
degeneracy through a second transition slightly below
Tc , and the existing zero-field data give no evidence for
this in Sr2RuO4 . The other mechanism by which spin-
related degeneracy splitting can occur is through spin-
orbit coupling, which can lead to a preferential plane for
the long-wavelength spin fluctuations that are assumed
to be relevant for p-wave pairng. These effects have
been investigated by Sigrist et al. (1999, 2000) and Ng
and Sigrist (2000). It seems likely that in Sr2RuO4 , suf-

FIG. 21. The energy gap corresponding to the pair state
sketched in Fig. 20, which is isotropic on a cylindrical Fermi
surface of circular cross section. Image is by K. Deguchi.
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TABLE IV. Allowed p-wave states on a cylindrical Fermi surface for a tetragonal crystal. References
to 3He are for the analogous three-dimensional states.

Unitary states
d/D0 D/D0 Node Time-reversal symmetry 3He

x̂kx1 ŷky Akx
21ky

2 BW

x̂ky2 ŷkx Akx
21ky

2

x̂kx2 ŷky Akx
21ky

2

x̂ky1 ŷkx Akx
21ky

2

ẑkx ukxu line
ẑ(kx1ky) ukx1kyu line
ẑ(kx6iky) Akx

21ky
2 broken ABM

Nonunitary states

x̂kx1i ŷky ukx1kyu↑↑ broken
ukx2kyu↓↓

x̂ky2i ŷkx uky2kxu↑↑ broken
ukx1kyu↓↓

x̂kx2i ŷky uky2kxu↑↑ broken
ukx1kyu↓↓

x̂ky1i ŷkx ukx1kyu↑↑ broken
uky2kxu↓↓

( x̂1i ŷ)(kx1ky) 2(ukx1kyu)↑↑ line broken
0 ↓↓

( x̂1i ŷ)(kx1iky) 2Akx
21ky

2↑↑ broken A1
0 ↓↓
ficient degeneracy splitting will exist to favor one state,
but that others are sufficiently close in energy that it
may be possible to access them by the application of
symmetry-breaking fields.

B. The spin part of the pair wave function of Sr2RuO4
from the Knight shift and spin-polarized neutron scattering

We are now in position to discuss the implications of
the spin susceptibility measurements of Ishida and co-
workers (1998) and Duffy et al. (2000) that we intro-
duced in Sec. III.E. If there is sufficient spin-orbit cou-
pling to pin the d vector, then the spin susceptibility for
low applied magnetic fields can often identify its direc-
tion. If d has a unique direction in the crystal [as is the
case for D0zkx , D0z(kx1ky), or D0z(kx6iky) from
Table IV] then the spin susceptibility is expected to
show no change for applied fields perpendicular to d.
This is because the Cooper pairs in the plane of the
applied field consist of equal spin pairs and, as discussed
in Sec. III.E, these can still form if the Fermi surface is
polarized by Zeeman splitting. For applied fields along
d, the opposite is true. The superconducting condensa-
tion fixes the spins to lie in the plane perpendicular to
the applied magnetic field, and so they cannot polarize
along the field direction, and a full Yosida function be-
havior is expected (Yosida, 1958). If the k dependence of
d is such that its direction is not uniform for all k, then
the susceptibility will follow a partial Yosida function,
falling to one-half of its normal-state value for fields ap-
., Vol. 75, No. 2, April 2003
plied in the ab plane for a two-dimensional state such as
D0(xkx1yky) from Table IV.34

The observation that the Knight shift remains un-
changed through Tc for fields applied in the ab plane of
Sr2RuO4 implies, therefore, that the superconducting
state is described by a uniform direction of d, pointing
along the c axis of the crystal. If there were no spin-orbit
coupling, the measurements would only imply a uniform
direction of d without specifying that direction in rela-
tion to the crystal axes, because the desire of the spins to
align along the field direction would rotate d to lie per-
pendicular to the applied field. To date, there is no real
proof that d is pinned along c in Sr2RuO4 , but it seems
likely that there will be sufficient spin-orbit coupling to
ensure that this is the case.

The best way to confirm the pinning of d to c would
be to devise an experiment capable of studying the spin
susceptibility for fields applied along c. This is not easy
by NMR, however. The difficulty is the strong anisot-
ropy of the superconductivity. The need to work at ap-
plied magnetic fields a factor of 20 smaller than for
Biab could, in principle, be overcome by the develop-
ment of even higher sensitivity spectrometers. A more
serious problem is the low value of k for Bic . Estimat-

34For the three-dimensional equivalent of state listed at the
top, the B phase of 3He, d5D0( x̂kx1 ŷky1 ẑkz) and the spin
susceptibility falls to two-thirds of its normal-state value for
any direction of the applied field.
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ing the scale of the Meissner effect using Eq. (3.6) shows
that it would lead to shifts and broadening of the NMR
lines which would be over an order of magnitude larger
than the scale of Kspin . Nevertheless, the shift of the line
position may still be detectable with sufficient accuracy,
especially because the vortex pinning in high-quality
Sr2RuO4 is rather weak. We note in passing that the G-L
parameters for Bic present no particular barrier to fur-
ther polarized neutron studies. In contrast to the Knight
shift, the neutron measurement obtains information
from very short wavelengths, and so is insensitive to the
long-wavelength variation of the field profile of the vor-
tex lattice. More work in this area would be desirable.35

C. Time-reversal symmetry breaking probed by muon spin
rotation and neutron studies of the flux lattice

As discussed above, some of the possible triplet states
for Sr2RuO4 break time-reversal symmetry (TRS), since
the condensate has an overall magnetic moment because
of either the spin or orbital (or both) parts of the pair
wave function. At first sight, this might be expected to
lead to a large spontaneous magnetic moment appearing
at Tc . In fact, TRS-breaking superconductors must still
have a Meissner effect, and so compensating screening
currents may be set up to ensure that B50 in the bulk
of the sample. In addition to this, there is likely to be
domain formation, analogous to that seen in ferromag-
nets. Although these effects mean that no large moment
is to be expected, the sample will always contain sur-
faces and defects at which the Meissner screening of the
TRS-breaking moment is not perfect, and a small mag-
netic signal is expected due to these [see Sigrist and
Ueda (1991), and references therein].

1. Muon spin rotation

In light of the discussion above, a search for TRS
breaking in superconductors requires a sensitive local
probe of the magnetic-field distribution in a solid. In
recent years, muon spin relaxation (mSR) has been de-
veloped into a technique providing this kind of informa-
tion (see, for example, Brewer, 1994). In mSR, fully spin-
polarized positive muons are incident on a specimen at a
sufficiently low flux that they arrive individually on the
scale of their decay time (;2.2 ms). They come to rest
very quickly, and their spins react to the local magnetic
environment at the implantation site. When they decay,
a positron is emitted in a direction that correlates with
the spin direction of the muon at the time of decay. By
studying many such positrons, one can deduce the muon
polarization function as a function of time after implan-
tation. The form of this function yields considerable in-
formation about the local magnetic-field distribution in
the solid.

35We are grateful to E.M. Forgan for pointing out the signifi-
cance of the value of the Ginzburg-Landau k for various meth-
ods of measuring the spin susceptibility.
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The first study of mSR in Sr2RuO4 was reported by
Luke and co-workers (1998). In addition to the standard
relaxation caused by the dense array of randomly ori-
ented nuclear dipole moments, they observed a sponta-
neous extra relaxation of the spin-polarization function
at the superconducting transition temperature. This ex-
tra relaxation is suppressed by the application of a small
longitudinal field, indicating that its cause is static on the
ms time scale. Furthermore, the fact that it can be best
modeled by an exponential indicates that its source is a
broad distribution of internal fields from a dilute array
of sources. If it had been due to either a dense array of
sources or to a unique field at every muon site, a Gauss-
ian relaxation would have been observed. The tempera-
ture dependence of the relaxation is shown in Fig. 22.
The first experiment was performed on very high quality
crystals with Tc.1.4 K. In principle, the extra relaxation
could have had some magnetic origin which occurs coin-
cidentally at approximately this temperature. In subse-
quent work, however, the same group has shown that
the spontaneous extra relaxation tracks Tc in poorer
samples with Tc as low as 0.7 K (Luke et al., 2000), leav-
ing little doubt that it is an intrinsic feature of the super-
conductivity.

Luke and co-workers interpreted their results as mea-
surements of the spontaneous fields generated by super-
currents associated with variation of the superconduct-
ing order parameter near dilute imperfections in the

FIG. 22. The muon spin-relaxation rate shows a change on
cooling Sr2RuO4 through Tc even in zero applied magnetic
field, for muons polarized both parallel and perpendicular to
the Ru-O planes. The result suggests the development of spon-
taneous magnetic fields, and gives evidence for a time-reversal
symmetry-breaking superconducting state. The open symbols
for Pm'c demonstrate the suppression of the extra relaxation
in a longitudinal field of 50 G, described in the main text. From
Luke et al. (1998).
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material. The locality of the probe makes mSR ideal for
their detection, and the fact that the internal fields ap-
pear in zero applied field is indicative of broken TRS.
Possible sources of these local imperfections are dilute
impurities, the muon itself, or the walls of domains in
which the TRS-breaking Cooper pair moments are
counteroriented. The measured internal field (which is
not easy to calculate) is estimated to be 0.5 G, a similar
magnitude to that previously observed by the same
group in the B phase of UPt3 (Luke et al., 1993).36

Although, strictly speaking, TRS breaking is not the
only possible explanation for the mSR observations, it
seems to be the most likely one. As we discuss in Sec.
IV.C.3, the existence of TRS breaking has considerable
implications for understanding the superconductivity of
Sr2RuO4 , and the findings of Luke and co-workers are
among the most important in the field. It is important,
therefore, that they be confirmed by other techniques.
One piece of corroborating evidence has come from
study and analysis of vortex physics in Sr2RuO4 .

2. Magnetic-field distribution of the vortex lattice

Since the work of Abrikosov over 40 years ago, it has
been known that if fields higher than the lower critical
field are applied to a type-II superconductor, flux pen-
etrates in quantized units surrounded by flowing super-
currents, which are usually referred to as vortices. In the
absence of pinning defects, the vortices will arrange in a
regular lattice. In Abrikosov’s original paper, a square
lattice was predicted for an isotropic s-wave supercon-
ductor, but it was quickly realized that this was due to a
minor numerical error, and that a triangular or hexago-
nal lattice is the most stable solution. This illustrates an
important point about the physics of the vortices; vortex
lattice symmetry has no fundamental relationship with
the underlying symmetry of the order parameter. Indeed
square lattices have been predicted and observed in con-
ventional s-wave superconductors under certain special
circumstances (Obst, 1969). Nevertheless, qualitative
differences in vortex behavior are expected to exist in
superconductors with unconventional order parameters,
and several explicit predictions have been made con-
cerning Sr2RuO4 . In the spirit of this article, we will
concentrate on the aspects of the vortex physics for
which experimental investigations have been performed.
As we shall see, it turns out that one of these gives sup-
porting evidence for the existence of a TRS-breaking
order parameter.

Recent theoretical work has shown that one way in
which square rather than hexagonal lattices can occur is
through nonlocal effects in London or Ginzburg-Landau

36The observation in UPt3 was not confirmed in subsequent
experiments by another group (Dereotier et al., 1995). In
Sr2RuO4 , more consistency exists; other groups working at a
different muon source have confirmed the result of Luke et al.
(1998) (Forgan, 2000; Higemoto, 2002).
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treatments, combined with Fermi-surface anisotropy.37

These effects, which apply to standard superconductors
with single-component order parameters, lead to the
prediction of hexagonal-to-square crossovers and transi-
tions in the H-T phase diagram, and are thought to ac-
count satisfactorily for the behavior observed in the bo-
rocarbide superconductors (see, for example, Paul et al.,
1998). A notable feature of such approaches is the ap-
pearance of hexagonal lattices for applied fields near
Hc2 , when the nonlocal effects become less important.

It has recently been realized, however, that there is
another scenario in which a square or rectangular solu-
tion is more stable. A TRS-breaking state (sometimes
also referred to as a ‘‘chiral’’ state) requires the use of a
two-component order parameter in Ginzburg-Landau
treatments. The consequences of this have been ex-
plored in a series of papers by Agterberg and others.38

The first result to emerge is that square or rectangular
lattices are expected to be favored over the entire H-T
plane in the presence of physically reasonable values of
Fermi-surface anisotropy. In a series of measurements
that were independent of the above theoretical work,
Forgan and collaborators (Riseman et al., 1998; Kealey
et al., 2000) observed a square flux lattice by small-angle
neutron scattering, as shown in Fig. 23.39 A square lat-
tice was also deduced from studies of muon spin rotation
(Aegerter et al., 1998; Luke et al., 2000), but the neutron
work established the important fact that only square lat-
tices were observed whenever ordered vortices were de-
tected.

37See, for example, de Wilde et al. (1997); Kogan et al. (1997);
Shiraishi and Maki (1999); Wang and Maki (1999).

38For example, see Zhu et al. (1997); Agterberg (1998a,
1998b, 2001); Heeb and Agterberg (1999); Kita (1999); Sigrist
and Agterberg (1999); Takigawa et al. (2002).

39Note the correction of an error in Riseman et al. (1998)
concerning the orientation of the vortex and crystal lattices
[Riseman et al., Nature (London) 404, 629 (2000)]. The correct
orientation is shown in Fig. 23.

FIG. 23. The diffraction pattern obtained from small-angle
neutron scattering from the flux lattice of Sr2RuO4 is square
for all fields and temperatures at which it can be observed
(from Kealey et al., 2000).
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Although the observation of a square lattice gives ten-
tative support for TRS breaking, it could always be ar-
gued that similar behavior could be obtained within a
treatment based on a single-component order parameter
at certain levels of Fermi-surface anisotropy. More per-
suasive evidence is provided from using the neutron
data to deduce the real-space field distribution in the
vortex lattice (Kealey et al., 2000). Single- and two-
component G-L treatments lead to qualitatively differ-
ent predictions for the form of this distribution, even
when the single-component theory predicts a square lat-
tice. The two-component theory predicts a field mini-
mum rather than a saddle point between the vortices in
the (10) direction. As shown in Fig. 24, the experimental
data show such a field minimum. They therefore favor
the use of the two-component treatment that is a neces-
sary consequence of a TRS-breaking state. In this sense
the neutron-scattering studies can be interpreted as pro-
viding independent support for the conclusions drawn
from the muon spin rotation study of Luke et al. (1998,
2000).

3. Implications of TRS breaking at Tc

The evidence that time-reversal symmetry is broken
in the superconducting state of Sr2RuO4 has important
implications. First, it means that of the simplest unitary
p-wave states listed in Table IV, only d5 ẑ(kx6iky) is
consistent with the experimental data provided by
NMR, polarized neutron scattering, muon spin rotation,
and small-angle neutron scattering.

The second implication of TRS breaking at Tc in a
tetragonal material such as Sr2RuO4 has a broader sig-
nificance. On the assumption that the basic pairing

FIG. 24. The magnetic-field distribution in the vortex lattice of
Sr2RuO4 , deduced from Fourier analysis of small-angle
neutron-scattering data like those shown in Fig. 23. The exis-
tence of field minima between vortices along the (10) direction
is predicted by a two-component Ginzburg-Landau treatment.
Although a square lattice can be obtained under some assump-
tions using a single-component Ginzburg-Landau theory, the
prediction for its constituent field distribution would be quali-
tatively different, with saddle points rather than minima in the
(10) direction. The contours are magnetic field in mT (from
Kealey et al., 2000).
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mechanism is in plane, a time-reversal symmetry-
breaking d state would have to be an admixture of the
form dx22y21idxy (where these are now d-wave singlet
order parameters). In contrast to the p-wave case, the
two components of the order parameter have different
symmetry-breaking properties, and are not degenerate
in a tetragonal crystal field. Thus the time-reversal
symmetry-broken state would be entered as a second
transition well below Tc . Such a transition has been dis-
cussed in the cuprates (for example, see Movshovich,
1998, and references therein).

We regard this as an important point. It means that a
nontriplet interpretation for the superconductivity of
Sr2RuO4 would probably require reversing the conclu-
sions drawn from four key independent experiments
(Ishida et al., 1998; Luke et al., 1998; Duffy et al., 2000;
Kealey et al., 2000).40 Instead, the bulk of the currently
available evidence points to a triplet order parameter of
some kind incorporating TRS breaking as the correct
description of the unconventional superconductivity of
Sr2RuO4 .

V. STRUCTURE OF THE SUPERCONDUCTING GAP

We hope that the discussion in Secs. III and IV has
successfully conveyed to the reader the main pieces of
experimental evidence that point to Sr2RuO4 being a
triplet superconductor. In this section, we will address
the issue of the structure of the superconducting gap,
and how it relates to the symmetry constraints imposed
by the results discussed previously. Some of the indi-
vidual experiments that we will discuss are sufficiently
complex and difficult to interpret that their conclusions
await confirmation; but we believe that a picture of over-
all consistency is emerging.

A. Evidence for a T-linear quasiparticle density deep in
the superconducting state

As shown in Table IV and Sec. IV.A.2, the d
5D0ẑ(kx6iky) state that is strongly suggested by the
experiments reviewed in Sec. IV would lead to an en-
ergy gap uD(k)u5(d"d* )5D0(kx

21ky
2)1/2. This gives an

isotropic energy gap on a two-dimensional Fermi surface
in a material with a simple isotropic Fermi surface and
pairing interaction. Since Sr2RuO4 is a weakly coupled
superconductor (Tc!EF), the general BCS framework
is likely to be applicable, in the sense that a BCS-like
gap equation should be obeyed. As shown in Fig. 25, this
has the well-known consequence that D(T) is, to a good
approximation, fully developed for T/Tc,0.4. The full
gapping of the simplest d5D0ẑ(kx6iky) triplet state

40A single d-wave state breaking TRS at Tc can occur in a
tetragonal material for interplane Cooper pairing. If such an
assumption could be justified, the resultant state would be con-
sistent with the findings of Luke et al. (1998) and Kealey et al.
(2000). It could not, however, be compatible with the conclu-
sions drawn by Ishida et al. (1998) or Duffy et al. (2000).
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would then make it thermodynamically indistinguishable
from the BCS s-wave state at low temperatures.41 The
main feature of note is that any quantity sensitive to
either the number density of thermally excited quasipar-
ticles or the quasiparticle density of states would be ex-
pected to become exponentially small for T!Tc . The
BCS predictions for the specific heat, NMR relaxation,
ultrasonic attenuation, London penetration depth, and
thermal conductivity are discussed in detail in textbooks
by Tinkham (1996) and Waldram (1996).

If, on the other hand, the gap in Sr2RuO4 contained
nodes, the thermodynamics would show quite different
behavior. The average gap would still have a tempera-
ture dependence similar to that of Fig. 25, since the
weak-coupling BCS framework would still apply. How-
ever, the presence of nodes would allow thermal excita-
tion of quasiparticles down to low temperatures. It is
now well established (see, for example, Hardy et al.,
1993) that this would be expected to lead to the appear-
ance of power laws rather than exponential behavior for
T!Tc .

Studies of all the properties discussed above have now
been performed on Sr2RuO4 . It is clear that simple iso-
tropic gapping does not take place, and there seems to
be good (although not perfect or complete) evidence for
nodes of some kind. It is obviously of crucial importance
to establish not just the presence of nodes, but also their
position on the Fermi surface, especially since the ther-
modynamic results have stimulated a large number of
ingenious theoretical proposals. Some of the available
probes can, in principle, give position-sensitive informa-
tion, but there are subtleties. In this subsection, let us
first review the available experimental data.

41It would, of course, differ from the BCS s-wave state in
many other observables, as discussed in Secs. III and IV.

FIG. 25. The temperature dependence of the energy gap pre-
dicted by the BCS weak-coupling theory. The essentially full
development of this gap below approximately Tc/4 means that
in the low-temperature limit, the number of thermally excited
quasiparticles falls exponentially to zero. In a weak-coupling
superconductor with nodes in the gap, qualitatively the same
temperature dependence would apply for the gap maximum,
but the existence of the gap zeros would lead to more quasi-
particle excitation at low temperatures. In this case power-law
temperature dependencies would be expected for experiments
sensitive to the number of thermally excited quasiparticles.
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
1. Specific heat

Perhaps the most direct experimental probe of the
thermodynamic states in a superconductor is the elec-
tronic specific heat at constant pressure (Ce), since it is
directly connected with the entropy by the relation:

S~T !5E
0

T Ce~T8!dT8

T8
. (5.1)

The isotropic energy gap uD(k)u5D0(kx
21ky

2)1/2 will
give the same quasiparticle density of states as in an
isotropic s-wave superconductor. The magnitude of the
specific-heat jump at Tc is DCe /gNTc51.43 in the weak-
coupling limit, where gN is the normal-state value of
Ce /T , and Ce should decay exponentially to zero at low
temperatures.

Early measurements of Ce (Nishizaki et al., 1998)
were reviewed in Sec. III, but interpretation of these was
complicated by the existence of non-negligible impurity
scattering. In fact, the zero-energy density of states de-
duced from the residual value of Ce /T extrapolated to
T50 K was found to decrease systematically with in-
creasing Tc (Nishizaki et al., 1999). Later, Nishizaki and
collaborators (Nishizaki et al., 2000) reported the results
of a lengthy study of Ce on clean limit crystals with Tc
51.48 K under controlled magnetic fields. Their results
in zero applied magnetic field are shown in Fig. 26: Ce /T
extrapolates to a value very close to zero and varies lin-
early with T over a surprisingly wide range of tempera-
tures between 0.1 and 0.5 K, with no sign of an exponen-
tial temperature dependence.

At first sight, this power-law behavior of the density of
states is strongly suggestive of a gap function with line
nodes, but a more careful analysis shows that the data
are not fully consistent with this hypothesis either. Since
Sr2RuO4 is a superconductor with a very low Tc and

FIG. 26. The electronic specific heat at constant pressure of a
very high quality sample of Sr2RuO4 with Tc51.48 K, divided
by T. Ce varies linearly with temperature over a large range
from 100 mK to above 0.5 K. Also shown are the predictions of
weak-coupling theory for a full energy gap (solid line) and a
gap with vertical line nodes on a cylindrical Fermi surface (dot-
ted line). Although the latter is a closer match to the data, the
fit is far from perfect. Figure after Nishizaki et al. (1999).
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long coherence length, it is reasonable to use weak-
coupling expressions to model the expected behavior of
Ce . The standard formalism for doing so for different
nodal structures of the energy gap is given in, for ex-
ample, Hasselbach et al. (1993). Figure 26 shows the
fully modeled temperature dependencies for two simple
states—an isotropic gap and a gap with vertical line
nodes on a single cylindrical Fermi surface. The data are
clearly very different from those expected in the case of
a single isotropic gap. They more closely resemble the
prediction for the gap with line nodes, but the agree-
ment is far from perfect. For example, the normalized
jump at Tc is given by DCe /gNTc , where gN is the
normal-state value of Ce /T . Experimentally, this is
0.7460.02, compared with predicted values of 1.43 for a
full and isotropic gap or 0.95 for vertical line nodes on a
simple cylindrical Fermi surface (Maki and Won, 1996;
Nishizaki, 1999). A more striking deviation from the
simple line node prediction is the very large range of
temperature over which an approximately T linear Ce /T
is seen. We shall return to this point later.

Single-crystal specific-heat work has also been re-
ported on Sr2RuO4 by Langhammer et al. (2002). The
Tc of their samples was lower than those of the best
samples studied by Nishizaki et al. (2000), but they
stressed various concerns about background subtraction
in low-temperature specific-heat studies of Sr2RuO4 .
Background subtraction was indeed necessary in obtain-
ing the data shown here in Fig. 26, but as we shall dis-
cuss below, the basic conclusion of a linear-temperature
variation of Ce /T is supported by other experiments.

2. NMR/NQR relaxation rate

Nuclear spin relaxation due to interaction with quasi-
particles has played a key role in the history of super-
conductivity. A peak in the nuclear spin-relaxation rate
1/T1 just below Tc was predicted by the BCS theory of
s-wave superconductors, and its observation by Hebel
and Slichter (1957) was a major step in the verification
of the theory (see, for example, the discussion in
Tinkham, 1996). As mentioned in Sec. III.A, the obser-
vation by Ishida et al. (1997) that the Hebel-Slichter
peak is absent in Sr2RuO4 was one of the first clear
pieces of evidence for non-s-wave superconductivity.

The nuclear spin-relaxation rate also gives valuable
information about the quasiparticle density well below
Tc . For a standard metal, with a temperature-
independent quasiparticle density, 1/T1 obeys the well-
known Korringa law (1/T1;T). If, on the other hand,
the quasiparticle density has a linear dependence on
temperature, 1/T1 is expected to vary as T3 (see, for
example, Kohori et al., 1988). In early samples of
Sr2RuO4 with strong impurity pair breaking, Korringa-
like behavior reappeared below Tc (Ishida et al., 1997).
In high quality samples with negligible pair breaking,
1/T is completely different, and a good agreement with
T3 is seen all the way down to 100 mK, as shown in Fig.
27 (Ishida et al., 2000). This result is therefore com-
pletely consistent with the specific-heat data of Nishizaki
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
et al. (2000). Similar T3 variation of 1/T1 has also previ-
ously been reported in other unconventional supercon-
ductors such as UPt3 (Kohori et al., 1988) and the cu-
prates.

3. Penetration depth

We continue with discussion of a quantity that yielded
profound information about the unconventional super-
conductivity of the cuprates, the London penetration
depth lL , which is related to the superfluid density ns
by

1

lL
2 ~T !

5
m0nse

2

m*
, (5.2)

where m* is the carrier effective mass. Generalization to
a multiband situation is given in Eq. (3.4).

In a standard BCS s-wave state, ns is essentially fully
developed at low temperatures, so DlL5lL(T)
2lL(0) is expected to vary exponentially. The observa-
tion by Hardy et al. (1993) of a linear dependence of
DlL in clean YBa2Cu3O7 was, in the eyes of many, the
first convincing evidence for nodes in the gap in the cu-
prates.

In Sr2RuO4 , lL has been studied by a number of
groups. Issues relating to lL(0) were discussed in Sec.
III.C; here we review studies of its temperature depen-

FIG. 27. The nuclear spin-relaxation rate 1/T1 in the normal
and superconducting states of pure (Tc51.48 K) and impure
(Tc50.7 K) samples of Sr2RuO4 , from Ishida et al. (2000). In
the impure sample, impurity scattering is the dominant source
of quasiparticles at low T, and a linear variation of 1/T1 is
observed. In the pure sample, thermal excitation dominates,
and the cubic variation of 1/T1 is fully consistent with the lin-
ear variation of Ce /T (see text).
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dence. The most complete report so far has come from
Bonalde et al. (2000), who worked at radio frequencies.
Their data for lL

2 (0)/lL
2 (T) are shown in Fig. 28, along

with various theoretical fits as described in the caption.
Their key experimental observation is that of a T2 de-
pendence of DlL at low T in samples with Tc of 1.39 and
1.44 K. This basic conclusion was also reached by Hein
et al. (2001a), who reported a microwave study.

The simplest expectation for DlL if a superconductor
has line nodes and a two-dimensional Fermi surface is a
linear-T dependence (for example, see Hardy et al.,
1993). In the cuprates, T2 is sometimes observed in dis-
ordered samples. Both Bonalde et al. and Hein et al.
point out that their data seem to be incompatible with
theories of line nodes plus disorder. On the contrary, it is
likely that extreme clean limit and nonlocal effects are
important, something which is also discussed in some
detail by Hein et al. (2001b).

A further issue has been raised by Morinari and Si-
grist (2000), who have pointed out that for chiral super-
conductors, a T2 dependence would be observed for a
surface measurement of lL even for a superconductor
whose energy gap contains no nodes. A bulk measure-
ment on the same sample could then give a different
result, i.e., exponential behavior. As discussed in Sec. IV,
there is good evidence for a chiral state in Sr2RuO4 , and
Luke et al. (2000) have reported something looking
more exponential for lL(T) on the basis of a muon spin
rotation study. The data are of lower resolution than
those of Fig. 28, but they were obtained from the bulk
(via the vortex lattice) rather than the surface. Higher-
resolution bulk lL(T) data are clearly desirable to
clarify the situation.

The work so far has shown that the London penetra-
tion depth in Sr2RuO4 contains some rich physics. How-
ever, it seems fair to comment that due to some special
features of the superconducting state, a number of com-
plications of interpretation exist in Sr2RuO4 that did not

FIG. 28. The T2 variation of the penetration depth measured
at radio frequencies by Bonalde et al. (2000). Data are shown
from two samples, with Tc51.44 and 1.39 K, respectively, and
the traces have been shifted for clarity. The inset shows the
low-temperature region below 0.2 K.
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exist in the cuprates. Consequently, the information ob-
tained to date about nodal structure is somewhat less
definitive.

4. Thermal conductivity in zero applied magnetic field

Thermal conductivity is experimentally defined as the
ratio of the temperature gradient to the heat current
passing through the sample: k5(P/A)/u ¹Tu, where
P/A is the heat current per unit area. Formal expres-
sions are derived for k due to electrons and phonons in
Ziman’s classic text (1960), but as he points out, a
simple, useful, and physically transparent formula re-
sults from treating the problem with kinetic theory. In
this approximation

k5~1/3!Cn, , (5.3)

where C is the specific heat of the particles carrying
heat, n is their velocity, and , is their mean free path.
This formula gives the essential contributions to thermal
conductivity regardless of the relevant particles. For
thermal conduction by electronic quasiparticles, the spe-
cific heat is Ce and the velocity is the Fermi velocity nF ;
the phononic contribution would be estimated by using
Cph and the average phonon velocity.

In real materials, the presence of multiple bands and
anisotropy complicates the interpretation of thermal
conductivity, but there are limiting situations in which
important information can be extracted. If the thermal
conduction is dominated by quasiparticles, and we are at
sufficiently low temperature that the scattering of quasi-
particles is dominated by impurities, rather than by
other quasiparticles or phonons, , is independent of
temperature. In this limit, k varies according to the tem-
perature dependence of the quasiparticle specific heat.
Thus, k provides important alternative information on
the superconducting gap structure. In the first instance,
we consider the information that it can give on the tem-
perature dependence of the specific heat with no applied
field. We will then discuss two experiments that have
profited from the tensor nature of k to combine thermal-
conductivity measurements with applied magnetic fields
to obtain direction-sensitive information.

As mentioned in Sec. III, the first measurements of k
in Sr2RuO4 were reported by Suderow et al. (1998).
They established that the thermal conductivity in the
superconducting state was dominated by a quasiparticle
contribution, but obtained data only from samples with
strong impurity pair breaking. Work on high quality
samples with negligible impurity pair breaking was re-
ported later by Izawa et al. (2001); Tanatar, Nagai, et al.
(2001); and Tanatar, Suzuki, et al. (2001). The results
agree closely, and are summarized in Fig. 29. As seen in
the figure, k/T has a linear-T variation, extrapolating
close to zero. Again, this is in qualitative agreement with
the results of direct measurements of Ce /T discussed
above. Above Tc , k/T is temperature independent, and
its value is accurately predicted using the Wiedemann-
Franz law and resistivity measurements on the same
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sample. This is good evidence that over the whole tem-
perature range of Fig. 29, the thermal conductivity is
dominated by the quasiparticle contribution.

B. The issue of gap nodes and their position

When the thermal conductivity and electronic
specific-heat measurements are coupled with the NQR
results, a consistent overall experimental picture
emerges. The quasiparticle density of states in Sr2RuO4
varies linearly in temperature from T'Tc/2 to at least as
low as 100 mK. This dependence is very different from
that expected for a fully and isotropically gapped Fermi
surface, and the observation raises at least two impor-
tant questions. Does the gap function of Sr2RuO4 con-
tain nodes, and if so, what kind are they? Most of the
papers referenced above assumed that the existence of
nodes was already settled. With such strong evidence for
a simple power-law dependence of the quasiparticle den-
sity, it is certainly tempting to postulate nodes of some
kind. However, some caution is still appropriate. As
seen in Fig. 26, simple vertical line nodes on a cylindrical
Fermi surface are consistent with the appearance of a
T-linear quasiparticle density at very low reduced tem-
peratures. The observations on Sr2RuO4 discussed so far
show it occurring at remarkably high temperatures, and
do not extend to the very low-temperature region where
the prediction is most robust.42

Another feature of the experiments reviewed above is
that they were primarily sensitive to the existence of

42The rf study of Bonalde et al. (2000) shows that the surface
penetration depth varies as T2 down to 50 mK, but, as dis-
cussed in Sec. V.A.3 above, special care needs to be taken
when interpreting penetration depth measurements on
Sr2RuO4 .

FIG. 29. The in-plane thermal conductivity k divided by T
shows a linear temperature dependence. Since k is dominated
by the same quasiparticles as Ce /T , this result, like that for
nuclear relaxation shown in Fig. 27, adds to the consistent pic-
ture that has emerged for the temperature dependence of ther-
mally excited quasiparticles in Sr2RuO4 . The thermal-
conductivity result was obtained independently by Izawa et al.
(2001) and Tanatar, Nagai, et al. (2001); the data shown are
from the latter paper, for two samples with slightly different
values of Tc .
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quasiparticles in the superconducting state, rather than
to the regions of k space in which they are being excited.
If there are nodes, it is crucially important to identify
their type and position. With this in mind, we now re-
view several thermal-conductivity and ultrasound ex-
periments that should have sensitivity to the position of
vertical line nodes on a cylindrical Fermi surface. The
ultrasound work had the additional advantage of going
to lower temperatures than have so far been reached
using the other techniques.

1. In-plane quasiparticle thermal conductivity in applied
magnetic fields

The ‘‘standard’’ way in which thermal conductivity has
been used as a directional probe of nodal structure in
superconductors has involved varying a combination of
directions of heat current and magnetic field, and prob-
ing the quasiparticle heat current. This approach has
yielded information about heavy-fermion superconduct-
ors such as UPt3 ,43 and, notably, line nodes in the
d-wave state of the cuprates (e.g., see Aubin et al.,
1997).

In Sr2RuO4 , the in-plane thermal conductivity kab is
dominated by quasiparticles below 2 K, as seen in Fig.
29, and it has been adopted as a directional probe by
Izawa et al. (2001); Tanatar, Nagai, et al. (2001); and
Tanatar, Suzuki, et al. (2001). In the experiment by
Izawa et al., the in-plane thermal conductivities with the
heat current along the [110] and [100] directions were
measured with the magnetic field rotating within the
layer. The largest anisotropy observed was twofold, but
by repeating for both directions of heat current, they
could show that this was dominated by differences due
to the quasiparticles moving parallel or perpendicular to
the vortices. Superimposed on this twofold anisotropy, a
small fourfold anisotropy of less than 0.3% was ex-
tracted, as shown in Fig. 30. For several reasons, the
authors argued that there is little reason to associate this
fourfold term with nodes either. Empirically, it is much
smaller as a fraction of the total quasiparticle conductiv-
ity than the effect seen in YBa2Cu3O7 . It is also ap-
proximately a factor of 20 weaker than the predictions
of some recent calculations for the expected effect of
vertical nodes by Dahm et al. (2002). Finally, and per-
haps most persuasively, a fourfold anisotropy of this
magnitude can be estimated taking into account the
much larger anisotropy of Hc2 (which was first measured
by Mao et al., 2000). The observed fourfold anisotropy
seems to be mainly due to the tetragonal band structure
rather than to line nodes.

The studies by Tanatar and co-workers (2001) gave
results for the in-plane anisotropy of the quasiparticle
thermal conductivity that are in agreement with those of

43See, e.g., Suderow, Aubin, et al. (1997); Suderow, Brison,
et al. (1997); Suderow et al. (1998).



688 A. P. Mackenzie and Y. Maeno: Superconductivity of Sr2RuO4 and the physics of spin-triplet pairing
Izawa et al., but the extent to which these experiments
have ruled out the presence of line nodes is open to
question. The physical processes involved in understand-
ing heat transport due to nodal quasiparticles in applied
magnetic fields are far from trivial. Several effects re-
lated to the interactions between quasiparticles and vor-
tices and have to be taken into account. These include
Doppler shifting of the quasiparticle energy spectrum in
a circulating supercurrent, and related changes to the
characteristic scattering times associated with impurities
and Andreev scattering from vortices.44 All of these ef-
fects are expected to show a fairly strong anisotropy as
the field is cycled between nodal and antinodal direc-
tions, but they partially cancel, and there has to be a
concern about the quantitative accuracy of predictions
for the anisotropy. In fact, calculations in slightly differ-
ent limits by Dahm et al. (2002) and Tewordt and Fay
(2001) reach rather different conclusions. The latter ar-
gue that p states with horizontal and vertical nodes
would give very similar results. This conclusion is partly
based on the assumption that the p states would give
only twofold anisotropy on the Fermi surface, which
would be hard to distinguish from anisotropies due to
quasiparticle motion parallel and perpendicular to the
vortices. Tewordt and Fay further point out that the
fairly strong fourfold anisotropy attributed by Aubin

44For discussion and additional references, the reader is re-
ferred to the papers by Izawa et al. (2001); Tanatar, Nagai,
et al. (2001); Tanatar, Suzuki, et al. (2001); and Tewordt and
Fay (2001).

FIG. 30. In addition to the twofold term discussed in the text,
a small fourfold term can be extracted from the in-plane ther-
mal conductivity. The data shown are from the Tc51.45 K
sample used by Izawa et al. (2001), with the heat current along
[110]. The interpretation of such data is discussed in the text.
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et al. (1997) to line nodes in YBa2Cu3O7 (footnote 45) is
only consistent with their calculation due to the rather
square Fermi surface in this material. In Sr2RuO4 , the g
sheet is much more circular (Fig. 11), so even a fourfold
term may not show up so strongly.

2. Out-of-plane phonon thermal conductivity combined with
in-plane magnetic fields

Given the uncertainties mentioned above, it is useful
that Tanatar et al. also adopted a novel complementary
approach. They measured the out-of-plane thermal con-
ductivity kc , to which the quasiparticle contribution
might be expected to be far smaller in such an aniso-
tropic material. This is indeed the case, as shown in Fig.
31. Not only is kc an order-of-magnitude larger than the
predicted quasiparticle value when T'Tc , but it falls
when the quasiparticle density is increased by driving
the sample normal in an applied magnetic field. In this
low-temperature metallic state, kc has a T2 dependence,
which Tanatar et al. argue to be consistent with a ther-
mal conductivity dominated by phonons whose main

45Although the anisotropy was only 0.4% of the total k, the
measurement was performed at the fairly high temperature of
6.8 K where phonons still dominate the thermal conductivity.
In terms of the quasiparticle contribution, the signal was ap-
proximately 4%.

FIG. 31. Although the in-plane thermal conductivity is domi-
nated by quasiparticles, the major contribution to the much
smaller out-of-plane thermal conductivity comes from phonons
(Tanatar, Suzuki, et al., 2001). Furthermore, when the sample
is driven normal in an applied field of 1.5 T, the thermal con-
ductivity in the two directions shows the opposite change of
sign. The fact that the out-of-plane conductivity is higher in the
superconducting state where there are fewer quasiparticles
suggests that phonon-quasiparticle scattering is the dominant
process. This opened the way to a novel experiment searching
for vertical line nodes, as described in the text.
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scattering mechanism is from quasiparticles rather than
from sample boundaries.46 They estimate that the domi-
nance of the phonon contribution persists deep into the
superconducting state, still accounting for nearly 90% of
kc at 0.3 K.

These properties of the interlayer thermal conductiv-
ity opened the way to an alternative method for probing
the existence of nodal quasiparticles. Since the number
of phonons is determined purely by the temperature and
is constant in H, the variation of kc with respect to the
direction and magnitude of H simply reflects the varia-
tion of the quasiparticles generated by magnetic fields.
In the experiment, kc was measured while the magnetic
field was applied parallel to the layers with an accuracy
of better than Du50.1°, and rotated within the plane in
steps of Df510°. Although the upper critical field Hc2
shows anisotropy amounting to about 4%, maximum in
the [110] direction, the anisotropy of kc at 0.3 K was less
than the experimental precision of 2% between 0.3 and
1.2 T. No evidence was seen for the large (;30%) varia-
tion in quasiparticle density predicted by Vekhter et al.
(1999) as the field was rotated from a nodal to an anti-
nodal direction.

This technique is new, and although it has the advan-
tage of avoiding some of the complex magnetic-field-
related effects on quasiparticle scattering described
above, it is not above criticism. It is a fairly indirect
probe, and its interpretation awaits a full theoretical
treatment. Nevertheless, the failure to find any measur-
able anisotropy is striking, and the experiment provides
no support for the existence of vertical nodes.

In summary, then, two classes of directional thermal-
conductivity studies have failed to find any convincing
evidence for the existence of vertical nodes on the Fermi
surface of Sr2RuO4 . That is not, however, the same as
saying that they conclusively rule them out.47 More the-
oretical and experimental work will be needed before
this technique can yield a completely definitive result
one way or the other.

3. Ultrasound attenuation

Another technique that has been used to study the
nodal structure in Sr2RuO4 is ultrasonic attenuation. At-
tenuation of longitudinal ultrasound waves played a sig-
nificant role in the study of the quasiparticle spectrum in

46This is supported by the observation that the measured kc is
at least a factor of 8 smaller than that expected for a phonon
term with dominant boundary scattering.

47In fact, there is a further complication of interpretation. As
shown in Fig. 32, specific-heat measurements under field sug-
gest that except at very low temperature and low field, sub-
stantial numbers of quasiparticles are excited. If the orbital-
dependent effects first suggested by Agterberg et al. (1997)
and discussed in Sec. VI are important, these quasiparticles
may originate from one or two Fermi-surface sheets on which
the induced gap magnitude is small. If so, this would be a
source of isotropic quasiparticles that may mask the anisotropy
introduced by the nodal quasiparticles.
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conventional superconductors. Like the nuclear relax-
ation rate, the behavior of the ultrasonic attenuation be-
low Tc provided essential verification of one of the co-
herence factors of BCS theory, as explained in, for
example, Waldram (1996) and Tinkham (1996). Attenu-
ation using a variety of polarizations has since been used
to obtain information on the superconducting state of
unconventional superconductors such as UPt3 (for ex-
ample, see Shivaram et al., 1986; Ellman et al., 1996).

Before going on to describe the work on Sr2RuO4 in
detail, we should outline the technique and its terminol-
ogy. Sound waves are attenuated in metals because of
electron-phonon coupling—more precisely, coupling be-
tween the phonon strain field and a stress tensor that
describes the flow of electron momentum. The stress
tensor should take into account the electronic structure
of any real material. The results of ultrasound studies
are expressed either as the attenuation a or the viscosity
h. In the ‘‘hydrodynamic’’ limit (when the wavelength of
the sound is much longer than the electron mean free
path), the two are related by

a5
~2pn!2

rcs
3 hmode , (5.4)

where r is the mass density and n and cs are the fre-
quency and sound velocity, respectively, for the relevant
mode. The full specification of the mode requires defi-
nition of its polarization and propagation directions. For
in-plane propagation in a layered tetragonal material
such as Sr2RuO4 , the modes of relevance are longitudi-
nal and transverse in-plane polarized, traveling in the
(100) and (110) directions. These are conventionally la-
beled L100, T100, L110, and T110, respectively.48

48In terms of the normal modes for the tetragonal lattice,
these modes correspond to the elastic constants C11 , C66 ,
(C111C1212C66)/2, and (C112C12)/2, respectively. See, for
example, Okuda et al. (2002).

FIG. 32. The specific heat under magnetic fields applied par-
allel to the ab planes of Sr2RuO4 (Nishizaki et al., 2000). It
should be noted that quasiparticle excitation under magnetic
fields is strongly nonlinear, most probably reflecting the orbital
dependence of the superconductivity (see the discussion in
Sec. VI). A substantial number of quasiparticles exists unless
temperature is below 0.3 K and field is below 0.2 T.



690 A. P. Mackenzie and Y. Maeno: Superconductivity of Sr2RuO4 and the physics of spin-triplet pairing
In the superconducting state, the attenuation occurs
because of coupling between the phonons and the Bo-
goliubov quasiparticles. If the state is fully gapped, this
means that the attenuation drops exponentially towards
zero at low temperatures. The situation with the pres-
ence of gap nodes has been discussed in, for example, a
very clear paper by Moreno and Coleman (1996). At
sufficiently low temperatures, the quasiparticles exist
only near the nodes. If there is a nonzero matrix element
between these nodal quasiparticles and the injected pho-
non, the node is ‘‘active.’’ If, however, the matrix ele-
ment is zero for a quasiparticle right at the node, the sea
of nodal quasiparticles is much less efficient at absorbing
the phonons, since the absorption grows from zero for
quasiparticles away from the nodes. For these ‘‘inactive’’
nodes, the attenuation drops off much faster, as the
power law for active nodes multiplied by T2. If the as-
sumption of an isotropic electronic stress tensor is used,
conditions for (in)activity exist and are shown in Fig. 33.
The consequences of each case are also shown. In this
approximation, active and inactive nodes lead to T1.5

and T3.5 attenuation, respectively.
In Sr2RuO4 , studies of ultrasonic attenuation have

been reported by Matsui et al. (2000, 2001) from 0.17 K
to Tc and by Lupien et al. (2001) from 40 mK to Tc . The
Lupien results are summarized in Fig. 34. They were
obtained from high quality single crystals with Tc
51.37 K (defined from the maximum of the dissipative
component of the ac susceptibility x9), and studies of
the frequency dependence were used to establish that
the experiments were performed in the hydrodynamic
limit. Their first key finding was the persistence of power
laws in the attenuation of all relevant sound polariza-

FIG. 33. The idea of ‘‘active’’ and ‘‘inactive’’ nodes as probed
by ultrasound attenuation, from Moreno and Coleman (1996).
Active nodes lead to approximately a T1.5 power-law depen-
dence of the attenuation, while for inactive nodes, this is sup-
pressed by a factor of T2 to T3.5. The powers of 1.5 and 3.5 are
dependent on the use of an approximate form for the electron
stress tensor, but the T2 suppression factor is not (see text).
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tions to the lowest temperatures studied. This appears to
answer one of the questions left slightly open by the
studies reported so far. It seems hard to imagine this
behavior occurring unless there are indeed nodes or ze-
ros of some kind in the superconducting gap.

The second striking and at first unexpected feature of
the data shown in Fig. 34 is the enormous normal-state
anisotropy. The L110 mode is attenuated by a factor of
30 less than L100, and for the transverse modes, the
effect is higher still. T100 has a full factor of 1000 lower
attenuation than T110. An effect of this size was unprec-
edented.

A theory of this unusual normal-state behavior is
clearly a necessary precursor to interpretation of the su-
perconducting state data. Walker et al. (2001) have made
progress in that direction, by abandoning the usual
course of working with the electron stress tensor appro-
priate to an isotropic electron fluid. In particular, they
showed that the square planar configuration of the ru-
thenium ion lattice, combined with the tight-binding na-
ture of the 4d electrons, can lead to very large changes
from the predictions of the isotropic fluid assumption. In

FIG. 34. The ultrasonic attenuation of the four modes relevant
to searches for vertical line nodes in Sr2RuO4 (Lupien et al.,
2001), expressed in terms of the viscosity (see text).
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a tightly bound square lattice, a transverse sound wave
traveling along the [100] direction does not stretch the
nearest-neighbor Ru-Ru bond. Since the conduction
electrons have strong Ru character, this wave does not
couple to them (at least at the order of nearest-neighbor
coupling), and so it is not attenuated. Walker et al. ar-
gued that the extremely low T100 attenuation observed
by Lupien et al. (2001) is evidence that nearest-neighbor
interactions are dominant in determining the ultrasonic
attenuation in Sr2RuO4 . Using this assumption, and per-
forming numerical calculations based on a tight-binding
approximation to the Fermi surface of Sr2RuO4 from
Mazin and Singh (1997), they are able to account for
many of the basic features of the normal-state ultra-
sound attenuation.49

Walker et al. then used the same electron stress tensor
to analyze the behavior expected in the superconducting
state in the presence of various nodal structures. Their
results are as follows. For vertical line nodes anywhere
along the [110] direction, the T100, L100, and L110
modes would be active, and T110 inactive. For vertical
nodes along the [100] direction, L100, L110, and T110
are predicted to be active, and T100 inactive. The cred-
ibility of conclusions such as these depends on the same
model at least partially explaining the normal-state be-
havior. If this were not the case, there would always be
suspicion about interpretation in the superconducting
state. Indeed, Walker et al. gave an explicit example of a
different prediction of nodal activity that arises from the
application of the isotropic electron stress tensor to
Sr2RuO4 .50

Where, then, does the discussion of this section leave
us regarding the nodal structure of Sr2RuO4? The ultra-
sound data show power-law behavior down to less than
Tc/30, so the existence of nodes or gap zeros of some
kind is very likely indeed. However, the same data do
not give clear evidence of inactivity of any of the ultra-

49There are, however, several reasons for caution. As ac-
knowledged by Walker et al., it is somewhat surprising that the
electron-phonon interaction should be so dominated by the
nearest-neighbor term, while higher-order terms are significant
in determining the Fermi-surface shape. Also, some of the nu-
merical success of the calculation depends on details of the
tight-binding parametrization of the Fermi surface by Mazin
and Singh. The parametrization derived from the experimen-
tally determined Fermi surface (for example, see Bergemann
et al., 2000, 2002) is different from that of Mazin and Singh
(1997). Bergemann (private communication) points out that
using these ‘‘real’’ parameters in conjunction with the model of
Walker et al. degrades that model’s prediction of the normal-
state attenuation.

50The use of the isotropic electron stress tensor gives, for
example, the prediction that the L100 mode is inactive for ver-
tical line nodes appearing anywhere along the [110] direction
in the Brillouin zone (see, for example, Graf and Balatsky,
2000 and Wu and Joynt, 2001). Recently, Tewordt and Fay
(2002) made predictions about ultrasonic attenuation in ap-
plied magnetic fields, but as they stated in their paper, they
also worked with an isotropic electron stress tensor.
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
sound modes relevant to this tetragonal material. The
observed powers are T1.8 for L100, T110, and L110, and
T1.4 for T100. While there is a small difference of 0.4 in
the powers, it is much less than the difference of 2 ex-
pected if there were inactivity in some modes due to the
presence of vertical line nodes. The ultrasonic attenua-
tion results do not, therefore, appear to support the ex-
istence of vertical line nodes at any position along either
the [100] or [110] directions of the Brillouin zone of
Sr2RuO4 .

C. Summary

Although the detailed interpretation of each of the
measurements described in this section has some associ-
ated complications, none of the observations contradict
the following basic conclusion. The energy gap of
Sr2RuO4 contains nodes, and no conclusive evidence has
emerged to show that they are vertical line nodes, in
spite of several studies designed to investigate this point.
This conclusion applies not only to models that propose
actual vertical line nodes, but also to those that propose
very small gap minima. We note again that the angular-
dependent measurements performed so far have all
been concerned with investigating the quasiparticle den-
sity, and are not sensitive to phase. This means that they
would also have detected gap zeros or deep gap minima.
If a gap minimum is small enough for power laws to
persist down to Tc/30, then angular probes on a similar
temperature scale would see thermally excited quasipar-
ticles that would be essentially indistinguishable from
those produced by ‘‘proper’’ vertical line nodes.

A natural way to account for this combination of evi-
dence is to postulate the existence of horizontal line
nodes, zeros, or deep gap minima going around the
Fermi surface, as sketched in Fig. 35. The existence of
this type of node in a material with such a strongly two-
dimensional electronic structure is surprising. Efforts to
justify it theoretically and prove or disprove its existence

FIG. 35. A horizontal line node in a superconducting energy
gap on a cylindrical Fermi surface.
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experimentally will be important aspects of future inves-
tigation into the superconductivity of Sr2RuO4 .

VI. TOWARDS A THEORY

As stated in Sec. I, this review is primarily concerned
with aspects of the experimental work that have been
carried out so far on Sr2RuO4 . Our main goal has been
to establish what we regard to be an important checklist
of facts with which any eventual theory for the super-
conductivity of Sr2RuO4 will have to be compatible. It is
not our intention to make any attempt at a comprehen-
sive review of the large amount of theoretical work that
has been published. Constraints of length, author time,
and expertise all argue against such an approach. How-
ever, we feel that the article would be incomplete with-
out some comments on theoretical issues. These we will
give qualitatively and from an experimentalist’s perspec-
tive. In the first (and probably most important) subsec-
tion, we compile a summary of the facts that place con-
straints on the symmetries of the superconducting state.
These constraints will need to be matched by any suc-
cessful theory. If they are all true, they are sufficiently
tight to rule out the majority of the theoretical ap-
proaches suggested so far. We will not, however, have
the temerity to dissect these treatments in detail; we pre-
fer to let their authors decide for themselves. We then
give an outline of the lines of reasoning that appear to
succeed in incorporating the main experimental facts. In
doing so, we do not endorse them as the only such ap-
proaches that are possible. Our neglect to reference and
discuss other theoretical work in this section does not
indicate any lack of respect, and we hope that the rel-
evant authors forgive our omission. In the third subsec-
tion we make a few remarks on a slightly separate issue,
that of the mechanism of the superconductivity. A cor-
rect theory for this is likely to be a longer-term quest,
especially since there are still some fairly major gaps in
relevant experimental knowledge.

A. Summary of the main experimental constraints on the
symmetry of the Sr2RuO4 order parameter

We believe that arguably the most important experi-
mental facts that place real constraints on the supercon-
ducting order parameter of Sr2RuO4 are as follows:

(i) The Cooper pairs are in a spin-triplet state, with a
d vector that is aligned perpendicular to the Ru-O
planes. The main papers supporting this are
Ishida et al. (1998); Duffy et al. (2000); Ishida
et al. (2001a), and the situation was reviewed in
detail in Secs. III.E and IV.B.

(ii) The superconducting state is time-reversal sym-
metry breaking. The main piece of evidence
comes from Luke et al. (1998), supported by
Kealey et al. (2000), as reviewed in Sec. IV.C.

(iii) All quasiparticles are paired at T50 (Secs. V.A
and V.B).

(iv) The superconducting energy gap contains nodes,
zeros, or very deep gap minima. The form of
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these nodes is still uncertain, but little evidence
has emerged to suggest that they are vertical line
nodes (Sec. V.B).

These are by no means the only important experiments
performed on Sr2RuO4 (indeed their presumed success
depended on many other pieces of work as discussed in
other sections of this review), but they play a special
role. The following objective statement can be made
concerning facts (i)–(iii): As long as none of the experi-
ments or their basic interpretation is subsequently
proved to be false, the order parameter of the supercon-
ducting state of Sr2RuO4 is already quite tightly defined.
On the reasonable assumption that a unitary state exists
in a paramagnetic material such as Sr2RuO4 , they
strongly suggest that the basic symmetries of the super-
conducting state are described by d5D0ẑ(kx6iky). If
this is indeed the case, the challenge is how to reconcile
this symmetry with the evidence that has accumulated in
favor of line nodes. The key issue is that for the unitary
p states listed in Table IV, the existence of vertical line
nodes implies symmetries that are incompatible with
facts (i), (ii), or both. One way around this difficulty is to
postulate an f-wave instability (for example, see Graf
and Balatsky, 2000; Hasegawa et al., 2000; Dahm et al.,
2002). However, theoretical objections have been raised
regarding the stability of nodes in such a state (Zhito-
mirsky and Rice, 2001), and we will concentrate here on
theoretical work within a basic p-wave scenario.

B. Promising theoretical scenarios

1. Horizontal line nodes and orbital-dependent
superconductivity

The possible existence of horizontal line nodes in
Sr2RuO4 is, at first sight, surprising. Given the extreme
two dimensionality of the material (see, e.g., Bergemann
et al., 2000), it seems reasonable to work in the two-
dimensional approximation used to construct Table IV.
By definition, any line node listed there is vertical. In-
deed, interlayer processes of some kind are needed to
produce horizontal nodes. An important question is
whether it is necessary to invoke a purely interlayer pair-
ing mechanism (a hypothesis adopted by, for example,
Hasegawa et al., 2000). In light of the extremely two-
dimensional motion of the quasiparticles, it surely seems
to be most likely that the primary pairing mechanism is
in plane. A key question is whether horizontal line
nodes are compatible with such pairing, and with the
other experimental symmetry constraints discussed
above. This issue has been addressed recently by Zhito-
mirsky and Rice (2001). They considered whether de-
tails of the real electronic structure of Sr2RuO4 could
lead to a state with ‘‘accidental’’ horizontal line nodes,
due to interlayer processes taking place within the basic
scenario of an in-plane pairing attraction. The existence
of such nodes would not imply any change to the funda-
mental symmetries implied by d5D0ẑ(kx6iky).

In their paper, Zhitomirsky and Rice followed a line
of reasoning that began soon after the discovery of the
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superconductivity and elucidation of the basic electronic
structure of Sr2RuO4 . The key underlying point was
first raised by Agterberg et al. (1997). They noted that
although Sr2RuO4 has three Fermi-surface sheets, the
strong orbital character (with the g sheet based on Ru
dxy orbitals and a and b based on hybridized Ru dxz and
dyz orbitals) implies that it might best be regarded as
consisting of two almost decoupled electronic sub-
systems. Normally, interband Cooper pair scattering in a
multiband superconductor leads to approximately the
same superconducting gap opening simultaneously on
all sheets of the Fermi surface. If the electronic sub-
systems are sufficiently decoupled, however, this might
not be the case. Dominant gapping on one Fermi-
surface sheet might then induce only a smaller gap on
the other two (or vice versa), leading to an enhanced
quasiparticle density of states at intermediate tempera-
ture before all the gaps fully open as T→0. Qualitative
support for this picture is provided from several sources.
A first example is the Ru-orbital dependence of the sus-
ceptibility, which is suggestive of a dominant pairing in-
teraction in one subsystem (for example, see Imai et al.,
1998; Sidis et al., 1999). Second, aspects of the depen-
dence of the specific heat on magnetic field seem to be
consistent with a two-gap structure (Nishizaki et al., 1999
and see Fig. 32).

Agterberg et al. (1997) coined the term ‘‘orbital-
dependent superconductivity’’ (ODS) for this idea of
different dominant and induced energy gaps on different
Fermi-surface sheets. It may not be an ideal name, be-
cause it risks confusion with, for example, the orbital
moment of L51 Cooper pairs, but it is now in wide-
spread use. The concept of ODS has received a slightly
unfortunate treatment in the experimental literature,
with a number of groups constructing fits based on the
slightly restrictive original assumptions of Agterberg
et al. (1997). The failure of fits of this kind to match new
data is a reflection on one particular form of ODS-based
assumptions rather than on the concept itself, which cer-
tainly has more appeal.

Zhitomirsky and Rice (2001) generalized and ex-
tended ODS to consider interplane processes. They
pointed out that the detailed Fermi-surface data of
Bergemann et al. (2000) were consistent with an out-of-
plane quasiparticle hopping with major differences be-
tween the (a,b) and g sheets. For the former, the layer-
to-layer hopping is direct, but for the latter, first-order
processes are banned, and the hopping occurs via a
second-order g-(a,b)-g process. They set up a model for
interlayer, interband scattering of triplet Cooper pairs
incorporating this kind of process, in what they refer to
as the ‘‘spirit of tight binding.’’ Using this model, they
derived the following results. First, the direct in-plane
scattering of Cooper pairs induces the same form (but
different magnitude) of nodeless gap,

d1~k!} ẑ~sin kxa1i sin kya !, (6.1)

on all the Fermi-surface sheets. Second, including the
interlayer processes leads to a second gap of the form
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which has a horizontal line node.
This model has the appealing feature that it satisfies

all the experimental constraints described in Sec. VI.A
above, since the node is an ‘‘accident of induction,’’ and
does not require any fundamental change to the symme-
tries that seem to be required of the order parameter. By
using the experimentally measured values for the sheet-
by-sheet quasiparticle effective mass, Zhitomirsky and
Rice could perform a three-parameter fit to the specific-
heat data of Nishizaki et al. (1999), with the results
shown in Fig. 36. Obtaining a good match is never as
impressive with three free parameters as with none, but
the success of this calculation is nevertheless encourag-
ing.

Two aspects of the ultrasonic attenuation studies (Sec.
V.B.3) that we have not so far discussed in detail may
also lend some support to the ‘‘refined ODS’’ picture of
Zhitomirsky and Rice. First, Lupien et al. (2001) noted
that a(T) just below Tc decays much faster than the

FIG. 36. The predictions of the most recent orbital-dependent
superconductivity model of Zhitomirsky and Rice for Ce /T in
Sr2RuO4 . The upper panel shows calculations for various
combinations of the three-variable coupling parameters in the
theory (two related to in-plane interband coupling and one to
interlayer interband coupling; see text). The lower panel shows
the best fit that can be obtained to the data of Nishizaki et al.
(1999) (solid line) and a repeat of the predictions for full iso-
tropic gapping or vertical line nodes on a cylindrical Fermi
surface (see Fig. 26).
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expectation for the ‘‘active’’ case, despite the reasonable
agreement at temperatures much below Tc . In fact, a
two-component model with the sum of the power law
and a BCS temperature dependence provides a good
description of a(T) all the way up to Tc . This is quali-
tatively consistent with the temperature-dependent two-
component gap of Zhitomirsky and Rice; it would be
interesting to see if an explicit calculation using param-
eters consistent with those used to fit the specific heat
gave good quantitative agreement with the ultrasound
data. A second point was raised by Walker et al. (2001),
who noted that interlayer coupling might be responsible
for the observation that the T100-mode attenuation is
stronger than the others at low temperatures.51

We do not aim to propose the Zhitomirsky-Rice
model as being the only route to understanding the sym-
metries and gap structure of Sr2RuO4 , or as being cor-
rect in all its details. In fact, it has recently been realized
that, contrary to the statement made in their paper, the
horizontal line node in d2 is only marginally stable. In
the presence of the admixtures of d1 that are implicit in
Fig. 36, point nodes would form (Bergemann, 2002).

Although several features of the model remain con-
troversial, it is attractive because the basic assumptions
on which it is based seem plausible, and because the
nodal structure that it suggests is consistent with all the
main experimental facts as they are currently known.
We believe that it is also important to distinguish be-
tween Zhitomirsky and Rice’s specific calculation and
the more general physics of orbital-dependent supercon-
ductivity. The latter seems certain to play an important
role in the development of a successful theory for
Sr2RuO4 superconductivity, even if the former does not
prove to be the final answer.

2. Symmetry-conserving gap minima as an alternative to
vertical line nodes

As stressed in Sec. VI.A above, p states containing
vertical line nodes are not consistent with the symmetry
constraints that are apparently imposed by experiment.
Several authors, however, have investigated the possibil-
ity of highly anisotropic gaps that preserve the basic
symmetries of d5D0ẑ(kx6iky) but have such deep gap
minima that they could lead to a quasiparticle density
similar to that given by vertical line nodes. Even if the
gap in such pictures actually had a zero, this would be
different from a gap node because it would not be ac-
companied by a phase reversal. Examples of this kind of
calculation can be found in papers by Miyake and
Narikiyo (1999) and Nomura and Yamada (2000). In
both cases, orbital dependence is taken into account
since gaps of different magnitudes are predicted for the
(a,b) and g Fermi-surface sheets. The gap minima on

51In fact, the point made by Walker et al. is not specific to the
Zhitomirsky-Rice model. It is concerned with any instance in
which horizontal line nodes occur because of interlayer pro-
cesses.
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the b sheet resulting from the calculation of Nomura
and Yamada are extremely deep, approximating to ze-
ros. Combining these with the weaker features calcu-
lated for a and g gives a fairly good fit to the specific-
heat data shown in Fig. 26.

The attractive feature of these calculations is that the
stability of the nodelike gap minima does not seem to be
in question. However, we note again that these vertical
features would be expected to be revealed by the angle-
dependent probes discussed in Sec. V.B. No convincing
evidence for them has yet emerged, although each of the
experiments performed so far has its drawbacks. It
seems likely that further experimental work will be re-
quired for one class of theory to be strongly favored
over the other.

C. Remarks on the mechanism

An understanding of the basic symmetries and nodal
structure of the order parameter of Sr2RuO4 is obvi-
ously an important step on the way to a complete theory,
but it is only a step. For example, even if the model
described above turns out to be correct, it will be only
the starting point for a theory of the basic pairing
mechanism. The widely held assumption is that the
mechanism will involve spin-fluctuation-mediated pair-
ing of some kind, but there certainly is not universal
agreement over the best way to construct a theory.52 As
reviewed in Sec. II.D, by far the most striking feature so
far seen in the dynamical susceptibility is the incommen-
surate peak at around (0.6p, 0.6p). In the absence of
orbital-dependent effects, it would be natural either to
concentrate on this or make some estimate or calcula-
tion of the dynamical susceptibility summed over all the
bands. However, there is good evidence that orbital de-
pendence plays a major role, leaving extra issues open:
Is the behavior of g or (a,b) dominant in producing the
superconductivity? Are the incommensurate fluctua-
tions a help or a hindrance to pairing in the triplet chan-
nel? The fit shown in Fig. 36 is based on a dominant gap
opening on the g sheet of the Fermi surface. This seems
reasonable, since it has the largest electron masses and
the largest mass enhancement, but it is a model-
dependent observation.

At the moment, the experimental knowledge of the
dynamical susceptibility is incomplete. It is certainly im-
portant that it be improved, but further insight into or-
bital dependence may be required before even the im-
proved data can be used to best effect. A full
understanding of the mechanism of the superconductiv-
ity is one of the major outstanding issues concerning
Sr2RuO4 .

52Examples of published theoretical work in this area include
Mazin and Singh (1997, 1999); Miyake and Narikiyo (1999);
Monthoux and Lonzarich (1999); Kuwabara and Ogata (2000);
Nomura and Yamada (2000); Sato and Kohmoto (2000);
Kuroki et al. (2001).
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VII. MULTIPLE SUPERCONDUCTING PHASES

In this section, we turn our attention to attempts to
study multiphase behavior in the superconductivity of
Sr2RuO4 . The work so far has generated more ques-
tions than answers, and is ongoing. At first, we consid-
ered omitting this section since many of the results pre-
sented are more preliminary than in other parts of the
article. However, we prefer to include it, partly because
it is appropriate to discuss multiple phases in the general
context of triplet pairing, and partly because the surpris-
ing results that are emerging are likely to have a bearing
on future work designed to understand the supercon-
ducting state of Sr2RuO4 in more depth.

A. The existence of a second phase in a symmetry-
breaking magnetic field

At several points in this article, we have emphasized
the fact that the complexity and internal degrees of free-
dom inherent in triplet order parameters lead to degen-
eracy. In the absence of explicit degeneracy-breaking
mechanisms, order parameters with different symme-
tries and nodal structures have the same Tc . In real ma-
terials, the degeneracy is split to favor only one symme-
try at Tc ; in Sr2RuO4 spin-orbit coupling has been
invoked as a way to understand the alignment of the d
vector along the c axis that is suggested by experiment
(see Sec. IV.A). A qualitative feature of triplet pairing is
that even if one state is favored at Tc , there are so many
near degeneracies that complicated phase diagrams can
result. This is well known to be the case in superfluid
3He, where the A and B phases exist in zero applied
magnetic field and the A1 phase is stabilized in applied
fields (see, for example, the discussion in Sec. IV and the
phase diagrams shown in Vollhardt and Wölfle, 1990).
The complicated phase diagrams observed in UPt3 are
also often taken to be evidence in favor of triplet pair-
ing.

In Sr2RuO4 , the basic d5D0ẑ(kx6iky) state that
seems to be favored by experiment is itself twofold de-
generate, and Agterberg (1998a) pointed out that this
degeneracy would be expected to lift in magnetic fields
near Hc2 applied in the ab plane. In essence, the applied
field would stabilize a state with a vertical line node cor-
responding to D0ẑkx , where the x direction is along the
field (see Appendix D.3). The nodes would thus rotate
with an in-plane field, and one of the signals of this state
was predicted to be an in-plane anisotropy of the upper
critical field. Mao et al. (2000) were the first to report a
search for such a state, using ac susceptibility measure-
ments and a special two-axis rotator that allowed precise
in-plane field alignment. They observed an in-plane an-
isotropy of the upper critical field, and initially associ-
ated it with Agterberg’s prediction. However, its magni-
tude was not what was expected, and was temperature
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
dependent, to the extent that it even changed sign near
Tc .53

The study by Mao et al. uncovered preliminary evi-
dence for multiple phase behavior not predicted by
Agterberg. It appeared that there may be a second
phase at high fields and low temperatures, with a bicriti-
cal point somewhere near 0.8 K. Since then, high-
resolution specific-heat and thermal-conductivity mea-
surements (reviewed in Yaguchi et al., 2002) have
uncovered considerable evidence that such a second
phase does indeed exist. To observe it, the field has to be
aligned to the ab plane with considerable accuracy. For
in-plane thermal conductivity k, the field dependence up
to Tc has the same characteristic shape for any angle
between the field and the planes of greater than 3°. As
the field is moved closer to the plane, there is an abrupt
onset of a sharp jump in k/T just below Hc2 , seemingly
indicative of a rapid entropy release (Tanatar, Nagai,
et al., 2001) The most direct thermodynamic evidence
comes from the specific heat. If the field is aligned in the
planes to within 0.5°, the single peak seen at all other
angles splits into two, as shown in the inset to Fig. 37.

The thermal-conductivity and specific-heat data can
be combined to construct the phase diagram for
Sr2RuO4 that is shown in Fig. 37. The feature in the
specific heat provides evidence that a change of phase is
taking place, but little is known so far about the nature
of the phase transition or the symmetry of the state be-
tween H2 and Hc2 . The data suggest the presence of a
bicritical point at approximately (0.8 K, 1.2 T) that was
not part of the original prediction of Agterberg. This
does not mean that the prediction was incorrect. It is a

53This issue was subsequently discussed by Sigrist (2000) in
terms of spin-orbit coupling.

FIG. 37. The empirically deduced superconducting phase dia-
gram for Sr2RuO4 for magnetic fields applied precisely in the
ab plane. Below 0.8 K, thermodynamic measurements provide
evidence of a split superconducting transition, as evidenced by
the Ce /T data shown in the inset. The data suggest the exis-
tence of a bicritical point at approximately (0.8 K, 1.2 T). See
Deguchi et al. (2002) (Color in online edition).
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robust property of a twofold-degenerate state to exhibit
a split transition under a symmetry-breaking field. On
the assumption that the main superconducting phase of
Sr2RuO4 does involve time-reversal symmetry breaking
as discussed in Sec. IV.C, the fact the transition to D0ẑkx
has not been observed in the higher-temperature region
near Tc seems to indicate that the relevant region of
phase space is quite narrow. The split transition that has
been observed at low temperatures is therefore probably
due to some separate mechanism.

B. Unusual upper critical-field limiting

A striking feature of the split transition that is not
immediately apparent from Fig. 37 is the fact that it
seems to be accompanied by a value of Hc2 that is lower
than that expected for an extrapolation of the main su-
perconducting phase. This can be seen in several ways.
First, Hc2iab falls to below the low-temperature value
in comparison to that of Hc2ic if the gradients near Tc
are normalized. A graphic way to demonstrate this is to
plot Hc2 measured at 100 mK as a function of the angle
between the field and the ab plane (Fig. 38). It appears
to follow the prediction of a Ginzburg-Landau aniso-
tropic effective-mass theory very well until the field
comes to within approximately 2° of the ab plane, at
which point it deviates strongly and sharply from the
predicted angular dependence (see inset to Fig. 38). This
is very surprising, because a phase change would usually
be made to increase the condensation energy and there-
fore the critical-field scale.

A well-known mechanism for limiting upper critical
fields in superconductors is the Pauli limit, which occurs
when the Pauli-susceptibility-based energy gain for split-
ting a singlet pair exceeds the superconducting conden-

FIG. 38. Evidence that the second phase shown in Fig. 37 is
accompanied by a limiting of Hc2 . As the field is rotated into
the plane (conditions under which the second phase is ob-
served), the upper critical field changes sharply from obeying
the predictions of Ginzburg-Landau anistropic effective-mass
theory to falling below its predictions. From Deguchi et al.
(2002) (Color in online edition).
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sation energy, leading to a first-order phase transition.
For weak-coupling isotropic superconductors, the transi-
tion is expected at m0H/Tc'1.8 T/K, the value often
referred to as the Clogston-Chandrasekhar limit (see,
for example, Clogston, 1962 or Waldram, 1996). In trip-
let superconductors, a form of spin limiting would be
expected for some combinations of applied field and d
vector, but for other combinations it should be com-
pletely absent. In Sr2RuO4 , the order parameter fa-
vored by the experiments reviewed in Secs. III–V
should result in no spin limiting for applied fields in the
plane. One view that could be taken is, therefore, that
the upper critical field limiting provides evidence against
the whole triplet pairing interpretation in Sr2RuO4 . The
much-quoted value of 1.8 T/K is not exact, and may be
lowered in some circumstances. Here, the observation
occurs at approximately 1 T/K.

While we cannot rule out such an interpretation, sev-
eral comments should be made. The first is that, to our
knowledge, no Pauli limiting feature as abrupt as that
shown in Fig. 38 has been observed in other layered
superconductors. In fact, a more standard puzzle is why
the assumed singlet superconductivity survives to higher
than the Clogston-Chandrasekhar limit. The second
point is that the data on Sr2RuO4 do not support the
idea of a single limiting transition. On the contrary, as
the precision of the measurements has improved, in-
creasingly convincing evidence has emerged for a double
transition, defining a second superconducting phase as
shown in Fig. 37. The third point is the extreme sensitiv-
ity of the Hc2 limiting to accurate field alignment. For a
spin-limiting mechanism, the precise alignment of the
field relative to the crystal axes is not expected to be
crucial. Rather, the limiting should depend primarily on
the field value. In Sr2RuO4 , the limiting for the [100]
and [110] field directions occurs at a similar Du, even
though the field values are different due to the in-plane
anisotropy of Hc2 . A fourth comment concerns the re-
lationship of critical fields to the normal-state disper-
sion. For u.2°, the fit shown in Fig. 38 gives a convinc-
ing match to the Ginzburg-Landau anisotropic effective-
mass expression for the angular dependence of the
critical fields. However, the value of the effective-mass
anisotropy that is extracted is far below that which
would be estimated from the Fermi-surface warping,
which is well known (see Secs. II and III.C). In other
words, the puzzle of the critical field in Sr2RuO4 goes
well beyond the limiting to 1.5 T for fields exactly
aligned in the plane. We are intrigued by a possible link
to orbital-dependent superconductivity. Could the field
disrupt some of the interband, interlayer coupling dis-
cussed by Zhitomirsky and Rice (2001) and others?

C. Summary

The experiments described in this section have uncov-
ered evidence for a nontrivial superconducting phase
diagram for Sr2RuO4 in applied magnetic fields. The
features that have been seen are intriguing, but far from
understood. In that sense, this section is much more pre-
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liminary than others in this review, but further phase
diagram investigation seems destined to be one of the
major areas of experimental activity on Sr2RuO4 for the
near future.

VIII. CONCLUSIONS AND FUTURE WORK

A. Main conclusions and their strength

At the end of a review such as this, the central ques-
tion of importance to the reader (and reviewers) must
concern the conclusions and the strength with which
they can be drawn. In the case of Sr2RuO4 , the main
issues are whether the superconductivity is unconven-
tional and if so, whether it involves spin-singlet or
-triplet pairing. It is particularly important that we take
a purely objective view on the latter point. The original
proposal of triplet superconductivity (Rice and Sigrist,
1995; Baskaran, 1996) was beautiful, intriguing, and in-
fluential. As a consequence, the vast majority of the ex-
perimental literature has been centered on a triplet in-
terpretation and the extent to which it fits the data. A
feature of science is that one tends to find what one
looks for. Unless an experiment has both an absolutely
unambiguous interpretation and the capability to dis-
criminate between the received wisdom and other pos-
sibilities, there is the danger of building that received
wisdom on shaky foundations.

With the above considerations in mind, we will now
attempt a critical summary of the key discriminatory ex-
periments on Sr2RuO4 as discussed during this review.
They are as follows:

(i) The superconductivity is unconventional, in the
sense that it does not involve standard s-wave sin-
glet pairing. The evidence for this seems to be so
overwhelming that we can state it as a conclusion
with high confidence.

(ii) The spin susceptibility as measured by the NMR
Knight shift (Ishida et al., 1998, 2001a) and mag-
netic neutron scattering (Duffy et al., 2000) does
not change as Sr2RuO4 enters the superconduct-
ing state (Sec. III.E). Some analysis is required to
extract the spin susceptibility from the raw experi-
mental data in each case, but the following objec-
tive statement can be made. If the spin suscepti-
bility is deduced correctly in the above
experiments, spin-triplet pairing is the only con-
clusion that can be drawn.

(iii) Muon spin rotation experiments (Luke et al.,
1998, 2000) have provided evidence that time-
reversal symmetry (TRS) is broken at Tc in
Sr2RuO4 . Supporting evidence for TRS breaking
can be found from small-angle neutron-scattering
studies of the vortex lattice by Kealey et al.
(2000). The latter experiment is not, however,
sensitive to whether the symmetry is broken at Tc
or not, so the important observation of TRS
breaking is, for the moment, reliant principally on
the muon spin rotation results.
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(iv) Studies of the energy gap (Sec. V) show that it
contains either line nodes, lines of zeros, or very
deep gap minima. A key question is whether
these are vertical or horizontal. Experiments that
should be sensitive to vertical nodes or gap
minima have failed to find convincing evidence
for their existence. A process of elimination then
favors horizontal line nodes, but this conclusion
can be drawn with much less certainty than (i)–
(iii). In (ii) or (iii), the published work (or at least
its interpretation by the authors concerned)
would have to be simply incorrect for the basic
conclusion to be overturned. In the case of the
energy-gap studies, we reach our ‘‘conclusion’’
based on the overall evidence from a series of ex-
periments, each of which is subject to uncertainty
of interpretation.

Given the current state of knowledge, we think that a
definitive statement that Sr2RuO4 is a triplet supercon-
ductor is premature. However, it certainly seems to be
favored by the experimental evidence. The best way to
express this may well be to ask the inverse question.
What would be the cost of a nontriplet interpretation of
the superconductivity in Sr2RuO4? The following as-
sessment can be made. A basic triplet scenario would
survive if (iii) and (iv) were overturned but (ii) proved
to be robust. A simple singlet picture would also have
problems if (ii) were judged to be inconclusive but (iii)
were fully confirmed (see the argument of Sec. IV.C.3).
In fact, it seems likely that both (ii) and (iii) would need
to be reversed or substantially altered for a credible
nontriplet interpretation of the superconductivity of
Sr2RuO4 . It seems to us that that such a series of devel-
opments is unlikely, but in some ways it is best left to the
reader to make his/her own judgement.

If we adopt the view that (ii) and (iii) are both correct,
the constraints on the order parameter are strong. Of
the simple unitary p-wave states, one of the form d
5D0ẑ(kx6iky) [or more generally, d5D0ẑ(fx6ify),
where f is an odd function] is required. If the energy gap
contained vertical line nodes on all Fermi-surface sheets,
no unitary p-wave state is compatible, and a nonunitary
p- or f-wave state would be necessary. Each of these
would in turn present difficulties of interpretation. If the
real electronic structure is taken into account through
the orbital-dependent superconductivity discussed in
Sec. VI, a wider range of gap structures is still consistent
with the experiments to date. For example, horizontal
line nodes, as mildly favored by the existing evidence
[Sec. V and (iv) above], might be compatible with (ii)
and (iii).

B. Outstanding issues and desirable future work

It is important that we discuss some of the outstanding
issues surrounding the unconventional superconductiv-
ity of Sr2RuO4 . In doing so, we give special emphasis to
anything that appears to challenge the interpretation of
a TRS-breaking triplet state, to summarize some key ar-
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eas of research for the future. If all of the experiments
we list could be done satisfactorily, the issue of the
order-parameter symmetry of Sr2RuO4 would be settled
one way or the other.

(i) The single biggest void in the experimental under-
standing of Sr2RuO4 (and all other postulated
triplet superconductors) is work that confirms or
denies the existence of odd parity (the symmetry
of the orbital part of the pair wave function).
Ideas exist on how this might be accomplished
based on the experience gained with the cuprates
of phase-sensitive investigations of the order pa-
rameter. Some of these involve tunneling, and in a
triplet superconductor, this raises the additional
issue of the strength of coupling expected be-
tween singlet and triplet condensates (see Sec.
III.D). Indeed, some concerns have already been
expressed regarding the magnitude of the Joseph-
son coupling that can be observed between
Sr2RuO4 and s-wave superconductors (see foot-
note 27).

(ii) Substantial extra weight would be lent to the in-
terpretation of the spin susceptibility studies in re-
lation to d5 ẑ(kx6ky) if a successful measure-
ment could be made of the spin susceptibility with
an applied field along the c axis of Sr2RuO4 . The
prediction is that (assuming sufficiently strong
pinning of the d vector to the crystal axes) the
spin susceptibility should follow the basic Yosida
function for this orientation. The experiment
would not be easy (see Sec. IV.B), but it is highly
desirable.

(iii) If, as suggested by muon spin rotation, time-
reversal symmetry is broken in the superconduct-
ing state of Sr2RuO4 , this should have observable
consequences on other properties. Such conse-
quences appear to have been observed in the field
distribution of the vortex lattice (see Sec. IV.C.2),
but no degeneracy splitting under symmetry-
breaking fields has been resolved (see Sec. VII).
In fact, the ‘‘chirality’’ of the superconducting
state should have a much wider range of conse-
quences. Many of these have been discussed ex-
tensively in theoretical literature, which we have
not been able to review here.54 Our decision not
to review that literature was based on the lack of
supporting experimental evidence to date. Ex-
amples exist, such as the intriguing flux creep ex-
periments by Mota and collaborators (1999, 2000)
that were interpreted in terms of chiral vortices by
Sigrist and Agterberg (1999). However, for com-
plete confidence that the order parameter is really
based on the fundamental symmetries of d

54Some examples are the Hall effect in the absence of any
external field (Goryo, 2000) unusual flux-flow conductivity
(Kato, 2000), and chiral optical absorption (e.g., Matsumoto
and Sigrist, 1999).
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5D0ẑ(kx6ky), it is desirable that some other
consequences of chirality be observed. The same
considerations apply to another topic for which
theory but essentially no experiment currently ex-
ists, that of collective modes.

(iv) It is clearly important that the multiphase behav-
ior outlined in Sec. VII be understood. This ap-
plies particularly to the issue of critical-field lim-
iting. This could either prove to be a route to
deep understanding of the triplet state in
Sr2RuO4 , or a first step to revising or unraveling
the triplet interpretation.

(v) Further clarification of the nodal structure of the
energy gap is necessary. The experiments that cur-
rently seem to contradict the presence of vertical
lines of nodes or zeros should be performed at
lower temperatures and/or lower magnetic fields
to see if their results still hold. Further experi-
ments should be performed to confirm or deny
the presence of horizontal nodes or zeros by di-
rect observation rather than indirect inference.

(vi) Parallel with attempts to finalize our knowledge
of superconducting condensate symmetry, it is im-
portant that there is a continuation of experi-
ments likely to yield information pertinent to a
proper theory of the superconductivity mecha-
nism. Detailed study of the dynamical susceptibil-
ity is likely to be a crucial part of this process. It
seems clear that it will also be very important to
be able to decouple such information into its or-
bital, or Fermi-surface sheet specific, components.

C. Sr2RuO4 in a broader context

In this article, we have striven to remain focused on
the unconventional superconductivity of Sr2RuO4 and
the experimental constraints on its order parameter. As
discussed, evidence has accumulated in favor of a par-
ticular triplet order parameter. That classification cannot
yet be made with certainty, but a growing number of
results would need to be proven false for any nontriplet
interpretation to be acceptable.

Whatever the final answer concerning the supercon-
ducting symmetry, we believe that Sr2RuO4 will have a
lasting significance. It has provided a beautiful example
of the kind of work possible when one encounters a
form of novel quantum order in a material with a rela-
tively simple electronic structure that can be grown to
very high purity. Experimental investigations on
Sr2RuO4 have been possible with a level of precision
that can be achieved only very rarely. The fact that such
detailed knowledge is becoming available gives hope
that a genuinely detailed understanding of the underly-
ing physics can be achieved. There is a growing realiza-
tion that this will require a ‘‘real-life’’ approach in which
the actual electronic structure is taken carefully into ac-
count. If that proves to be a formidable task in Sr2RuO4
(which might indeed be the case), it is sobering to think
that it would be next to impossible for the fascinating
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materials in which an equivalent level of experimental
knowledge is never likely to be achieved.

Another way in which we believe that Sr2RuO4 will
prove to be influential is in altering preconceptions that
have existed concerning transition-metal oxides. Until
recently, these were presumed by physicists to be com-
plex and defect ridden. In some cases, this is undoubt-
edly true, but in others, it is not. In recent years, evi-
dence has emerged that has shown that several ordered
cuprates such as YBa2Cu3O7 exist in extremely pure
form, but this was based on experiments performed
deep in the superconducting state. Sr2RuO4 has yielded
an explicit demonstration of the levels of purity that can
be achieved, and of an intriguing ground state that can
be observed only in the high-purity limit. The discover-
ies reviewed in this article have led to the investigation
of a series of related ruthenates (and other transition-
metal oxides), resulting in the discovery of fascinating
magnetic and metallic ground states. To date, none of
these has been grown with sufficient purity to yield
mean free paths as long as those achieved for Sr2RuO4 ,
leaving open the intriguing possibility of the discovery of
more examples of unconventional superconductivity. In
fact, such a discovery in a complementary material may
ultimately prove to be one of the most important routes
to understanding the mechanism of the pair binding in
Sr2RuO4 itself. We hope that in writing this article, we
have conveyed some of our enthusiasm for the search.
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APPENDIX A: ADDITIONAL DETAILS OF THE NORMAL-
STATE PHYSICS OF Sr2RuO4

1. Hall effect and magnetoresistance

The temperature dependence of the Hall effect in
Sr2RuO4 is relatively complicated, as shown in Fig. 39,
the general features of which have been observed by two
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
groups (Shirakawa et al., 1995; Mackenzie, Hussey, et al.,
1996). It is small and negative at high temperatures,
crosses over to become positive between 130 and 30 K,
and becomes negative again below 30 K. Between 30
and 1 K, it varies rapidly with temperature, but below 1
K it becomes almost temperature independent. The Hall
effect at finite temperature is notoriously sensitive to
details of the temperature dependence of the scattering
rate, the local curvature of the Fermi surface, and the
local Fermi velocity (see, e.g., Ong, 1991). In a multi-
band material such as Sr2RuO4 with electrons and holes,
strong temperature dependencies are no surprise.55 At
sufficiently low temperature, however, the mean free
path becomes approximately independent of quasiparti-
cle velocity, because the scattering is dominated by elas-
tic scattering from a static distribution of impurities and
defects. In this limit, RH in a quasi-two-dimensional ma-
terial is temperature independent, with a value that is
simply related to the Fermi-surface topography, as dis-
cussed in a beautiful paper by Ong (1991). It seems very
likely that the crossover to a temperature independent
RH below 1 K indicates entry to this regime. Indeed, it
will be shown in Appendix A.3 that a successful calcula-
tion of the low-temperature value of 21.1 m3 C can be
made on the basis of the Fermi-surface topography mea-
sured using quantum oscillations. Again, this suggests
that the main features of the Hall effect can be under-
stood using Fermi-liquid-based transport theory within
the relaxation-time approximation. While we believe
that caution should be exercised before attaching physi-
cal significance to any temperature dependence of RH in
Sr2RuO4 (see the discussion in Mackenzie, Hussey,
et al., 1996), a correlation between RH(T) and @r(T)#2

has been stressed by Miyazawa et al. (1999), and calcu-
lations of the temperature dependence of RH have been
reported by Mazin et al. (2000) and Noce and Cuoco
(1999b).

The magnetoresistance of single-crystal Sr2RuO4 has
been studied by Hussey et al. (1998) for field and current

55Multiple bands also complicate the interpretation of the
thermoelectric power, which was studied in Sr2RuO4 by
Yoshino et al. (1996).

FIG. 39. The temperature dependence of the weak-field Hall
coefficient of Sr2RuO4 (in the configuration jiab , Hic), from
Mackenzie, Hussey, et al. (1996).
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combinations parallel and perpendicular to the RuO2
planes. At low temperatures, where there is coherent
transport perpendicular to the planes, the transverse
magnetoresistance for both field orientations can be un-
derstood within conventional Boltzmann transport
theory. The long low-temperature mean free path of
these very pure single crystals results in pronounced de-
viations from quadratic field dependencies at high fields,
for which the weak-field limit is exceeded (Hussey et al.,
1998; Schofield and Cooper, 2000). The magnetoresis-
tance has also been studied to lower fields by Jin et al.
(1998) and Jin, Liu, and Lichtenberg (1999). Aspects of
their data and particularly their interpretation differ
from those discussed by Hussey et al. and Schofield and
Cooper. Very high-field magnetoresistance (up to 33 T)
was reported by Ohmichi et al. (2000, 2001b), who were
able to perform the measurements thanks to the devel-
opment of a novel sample rotator based on piezoresis-
tive drives (Ohmichi et al., 2001a). Magnetotransport in
Sr2RuO4 has been analyzed in a quantum critical sce-
nario by Noce and Cuoco (2000) and Noce et al. (2000).

2. Calculation of bulk properties using quantum oscillation
parameters

The data reviewed in Sec. II yield very strong evi-
dence that the normal state of Sr2RuO4 is a Fermi liq-
uid. A useful check on this important conclusion is
whether the ‘‘microscopic’’ data of Table II can be used
to calculate the bulk properties summarized in Sec. II.A.
The relative simplicity of the Fermi surface of Sr2RuO4
implies that estimates of some properties can be made
within a simple two-dimensional approximation, in
which we treat the Fermi surface as three cylinders with
the average kF values given in Table II. In Secs. A.2 to
A.5 we give some specific examples of this.

3. Luttinger volume

Luttinger’s theorem states that in a correlated electron
metal, the Fermi volume should be unchanged by the
interactions. An important check on whether Sr2RuO4
can be completely described within a Fermi-liquid pic-
ture is that the observed Fermi surface should account
for the existence of exactly four electrons per formula
unit in the three bands that are observed to cross EF . If
fewer than four were seen to participate in the Fermi
liquid, it would not be possible to completely exclude
the existence of some second normal-state fluid, how-
ever unlikely this might seem.

The measured kF values and the hole, electron, and
electron character of a, b, and g give a total of 4.05. The
error of approximately 1% is entirely consistent with the
experimental precision and the two-dimensional ap-
proximation used, so we can conclude that Luttinger’s
theorem is satisfied. The quantum oscillation measure-
ments do not establish the hole or electron character of
an individual pocket directly, so in performing this cal-
culation, we have used information from the band-
structure calculations. Given the good agreement be-
tween experiment and theory on the areas of each sheet,
Rev. Mod. Phys., Vol. 75, No. 2, April 2003
this seems reasonable. Further experimental justification
comes from an analysis of the Hall effect (see below).

4. Electronic specific heat

The electronic specific heat gel is another quantity
that should be calculable to within experimental preci-
sion and the small uncertainty of our two-dimensional
approximation. Considering the definition of the cyclo-
tron mass,

m* 5
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2p

]Ae

]k
, (A1)

that of the density of states per unit volume from a
single Fermi-surface sheet,

g~«F!5E dSF
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1
u¹«u
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(a surface integral where SF is the Fermi surface), and
that of gel ,
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the electronic specific heat in J/mol K2 can be expressed
in terms of the cyclotron masses measured with Bic as
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where NA is Avogadro’s number, a is the in-plane lattice
constant of 3.87 Å, and i is the band index.56 Although
Eq. (A4) has been derived here using oversimplified
one-electron language, it is exact for a Fermi liquid (for
example, see Leggett, 1975). Using the values of m*
from Table II gives gel538.6 mJ/mol K2, in complete
agreement, within experimental error, with those ob-
tained from bulk measurements on the same crystals
(see Sec. II.A).

5. In-plane transport

In a two-dimensional multiband material, the low-
temperature conductivity sxx51/r is given by

sxx5
e2,

hd (
i

kF
i , (A5)

where , is the mean free path and d is the interlayer
spacing. For this expression to be exact, the Fermi sur-
face must be a cylinder with a circular cross section (a
condition that did not apply in the analysis of Luttinger’s
theorem or the specific heat), and the mean free path
must be k independent. This ‘‘isotropic-,’’ limit is a
fairly good approximation if the temperature is low
enough that elastic impurity and defect scattering is
dominant over inelastic (temperature-dependent) scat-
tering. Since r is a sample-dependent quantity, it cannot

56We emphasize that the precise functional form of Eq. (A4)
holds only for two dimensions.
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be calculated in any absolute sense. However, measured
values of the residual resistivity of samples used for
quantum oscillations correspond to mean free paths of
1400–3000 Å, in line with the estimates obtained from
Dingle analyses (see below).

Within the approximations of two dimensions, circular
Fermi-surface cross sections, and isotropic ,, an expres-
sion can be derived for the absolute value of the Hall
coefficient, making use of Ong’s treatment of the Hall
conductivity in two dimensions (Ong, 1991). As dis-
cussed by Mackenzie, Hussey, et al. (1996),

RH5
sxy

sxx
2 5

2pd(
i

~21 !ni

eS (
i

kF
i D 2 , (A6)

where ni51 if the Fermi-surface sheet i has electron
character and 2 if it has hole character. As expected, the
Hall coefficient depends only on the geometry of the
Fermi surface and not on the mean free path. Note that
Eq. (A6) is valid only in the weak-field limit at low tem-
peratures. The kF values from Table II then give a cal-
culated Hall coefficient of 20.9310210 m3/C. Given the
approximations used in deriving Eq. (A6), the existence
of electrons and holes, and the strong temperature de-
pendence between 1 and 30 K, this is a fairly successful
estimate of the measured value of 21.15 m3/C (Fig. 39).
If there were not two Fermi-surface sheets with electron
character and one with hole character, the calculated
value would be in serious disagreement with experi-
ment.

6. Resistive anisotropy

The general expression for the components of the
conductivity tensor was given by, for example, Ziman
(1972):

s ij5
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\ E n i•n j
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tdSF , (A7)

where n i is the component of the velocity in direction i,
and t5,/unu is the relaxation time and the integral is
over the Fermi surface. In a material with one Fermi-
surface sheet and any nearly two-dimensional dispersion
(the only criterion is that n'!unu), Eq. (A7) can be used
to derive the conductivity ratio
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where ^ & denotes an average through the Brillouin
zone. [We note that in the notation usually associated
with Eq. (A7), s'5szz and unFu5unu.] Taking the val-
ues for ^n'

2 & from Table II, and generalizing to the multi-
band situation in the isotropic-, approximation,
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gives a value of 3800 for the resistive anisotropy. There
is considerable variation in the quoted experimental val-
ues, but the latest data yield a value of 4000 (Ohmichi
et al., 2000).

7. Other quantum oscillation work on Sr2RuO4

The information in Table II is sufficient to underpin
the discussion of the superconductivity in Secs. III–VI,
but we also note that Sr2RuO4 is being used to develop
new areas of research in the field of quantum oscillations
themselves. Bergemann and co-workers (Bergemann
et al., 1999; Julian et al., 1999) have reported the use of
piezoresistive microlevers to measure the dHvA effect
in the magnetic torque of Sr2RuO4 . Observing oscilla-
tions from the g surface in a 1-mg sample demonstrated
that the technique is capable of excellent sensitivity even
when the excitation current in the lever is low enough to
allow the sample to be cooled to less than 200 mK. A
variant of quantum oscillations, the acoustic dHvA ef-
fect, has been investigated by Matsui and co-workers
(1998, 2000). In a recent study of low-temperature c-axis
resistivity, Ohmichi, Maeno, et al. (1999) have presented
evidence for the observation of chemical-potential oscil-
lations, whose existence had been discussed theoretically
by several authors (e.g., Shoenberg, 1984; Alexandrov
and Bratkovsky, 1996; Nakano, 1997, 2000) and ob-
served and discussed in an organic metal (Harrison
et al., 1996). Finally, cyclotron-type resonances have
been observed by two groups, although different inter-
pretations have been given for the results obtained (Hill
et al., 2000; Ardavan et al., 2001).

8. High-temperature and high-pressure normal-state
transport

The majority of work discussed in this article concerns
the normal-state properties of Sr2RuO4 at low tempera-
tures and ambient pressure. This does not mean that
other regimes are without interest. In particular,
Sr2RuO4 is an ideal material in which to study a phe-
nomenon that is now acknowledged to be a feature of
many correlated electron materials, namely, a surprising
fragility of the Fermi-liquid metallic state. The power-
law transport behavior associated with the Fermi liquid
is lost at a much lower-temperature scale (tens of kelvin)
than would be simply understood in terms of the ob-
served mass renormalization. This issue was addressed
by Tyler et al. (1998), who studied in-plane and out-of-
plane resistivity to temperatures in excess of 1300 K. In
this paper, they also discussed the apparent violation of
the Mott-Ioffe-Regel limit seen in high-temperature
transport. High-temperature transport has also been
studied by Berger et al. (1998). Their experimental re-
sults differ from those of Tyler et al. (1998), and in fact
bear a strong similarity to data later obtained by Ikeda
et al. (2000) for the bilayer ruthenate Sr3Ru2O7 .

High-pressure work on Sr2RuO4 was first reported by
Shirakawa et al. (1997), who observed a decrease of the
superconducting transition temperature in applied pres-
sures of up to 12 kbar. They also studied low-
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temperature normal-state transport, but did not clearly
resolve any changes over this range of pressure. Much
higher pressures of approximately 100 kbar were em-
ployed by Yoshida, Nakamura, et al. (1998) to study
normal-state behavior above 4 K. There is a clear moti-
vation to perform more high-pressure work on Sr2RuO4
in an effort to obtain insight into the spin fluctuations
that many believe to be responsible for the supercon-
ductivity.

APPENDIX B: ISSUES CONCERNING ANGLE-RESOLVED
PHOTOEMISSION SPECTROSCOPY IN Sr2RuO4

Angle-resolved photoemission spectroscopy
(ARPES) has seen a huge growth in investment and in-
terest over the past two decades. The technique of pho-
toemission spectroscopy is based on measuring the mo-
mentum and energy of electrons ejected from a sample
in response to radiation by photons, usually in the ultra-
violet. In principle, it yields important information about
the electronic band structure and Fermi surface, and
(through line-shape analysis) is sensitive to many-body
effects. Angular resolution allows this to be combined
with Fermi-surface mapping. Although this mapping can
be performed on materials with three-dimensional elec-
tronic structure, the technique is most suited to quasi-
two-dimensional materials. In principle, ARPES is suit-
able for addressing crucial questions about correlated
electron physics in the cuprates. This has motivated re-
search leading to impressive advances in parallel data
acquisition and, notably, resolution.

The suitability of ARPES for cuprates study is based
on more than just two dimensionality. In those materials,
it has proved to be impossible to perform any accurate
quasiparticle spectroscopy with the bulk techniques such
as quantum oscillations that have played such a key role
in the physics of Sr2RuO4 . Experimental difficulties
such as huge superconducting critical fields have so far
proved to be insurmountable.57 ARPES can be per-
formed above and below the superconducting transition
temperature, and has been used to address many of the
key issues in cuprate physics. Although ARPES has
these advantages, the most important problem is that it
is fundamentally a probe of surface physics. The infor-
mation that it yields comes from at best the top few
atomic layers, which are commonly assumed to be rep-
resentative of the bulk. Its surface sensitivity is well ap-
preciated by ARPES researchers, and in the cuprates,
many controversies have arisen due to different inter-
pretations of the existing experimental data. There is an

57Because of the superconductivity, it is not possible to work
on a well-understood metallic state at laboratory-accessible dc
magnetic fields. Even if it were, there is good evidence that the
metallic state of most cuprates is not a Fermi liquid, and it is
not clear what the quantum oscillatory signal from such a state
would be. In some cuprates, the superconducting critical tem-
peratures and fields can be depressed by doping, but in these
cases, the resultant materials are often disordered.
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inherent instability about placing great emphasis on the
results of a developing technique when it is being used
to study materials such as cuprates, which apparently
show entirely new physics. It was interesting to see how
ARPES functioned when studying a material for which
it was possible to obtain detailed complementary infor-
mation about electronic structure and correlations. This
might be assumed to be a common situation, but it is
not. For various reasons, quasi-two-dimensional systems
for which there is detailed information from quantum
oscillations have not been widely studied by ARPES.
Sr2RuO4 , with its close structural similarity to the cu-
prates, provides a special opportunity in this regard.

Angle-integrated photoemission work on Sr2RuO4
has been used to study correlation effects,58 but the
angle-resolved studies have generated the most interest.
The first studies were performed by Lu et al. (1996) and
Yokoya et al. (1996a, 1996b) before the results of the
dHvA work discussed in Sec. II were widely known.
Both groups concentrated on the apparent observation
of an ‘‘extended Van Hove singularity’’ just below the
Fermi level over a fairly wide region of the Brillouin
zone near the M point.59 They emphasized the similarity
between this feature and one that had been widely ob-
served in the cuprates. It was immediately clear, how-
ever, that these results could not be representative of the
bulk in Sr2RuO4 . They predicted a significantly differ-
ent Fermi-surface topography from that predicted by
electronic structure calculations and observed in the
dHvA studies (Mackenzie et al., 1997). Various sugges-
tions for resolving the discrepancy were made by
Yokoya et al. (1997), but subsequently shown to be in-
adequate (Mackenzie, Ikeda, et al., 1998).

The significant discrepancy between ARPES and
dHvA on one of the first occasions in which a detailed
comparison had been possible was a serious concern,
and a substantial body of work has gone into its investi-
gation. Several theoretical scenarios based on modifica-
tions to the electronic structure near surfaces and/or
photoemission cross sections have been proposed,60 and
detailed experimental investigations performed. The
first direct experimental evidence for a surface effect of
some kind playing an important role in the photoemis-
sion was reported by Puchkov et al. (1998). They ob-
served a strong dependence of the spectra near the M
point on fairly small changes in the incident photon en-
ergy. Then Matzdorf et al. (2000) discovered a surface
atomic reconstruction in a scanning-tunneling micros-
copy study of the surface of Sr2RuO4 . Band reflection
due to surface reconstruction was discussed in relation

58For example, see Inoue et al. (1996, 1998). There has also
been a study of x-ray fluorescence emission, by Kurmaev et al.
(1998).

59This scenario was also discussed in Schmidt et al. (1996) and
Okuda et al. (1999).

60For example, see Seibel and Winter (1998); Liebsch and
Lichtenstein (2000).
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to a new generation of ARPES measurements (for ex-
ample, see Damascelli et al., 2000; Ding et al., 2001).

The precise relationship of the surface reconstruction
of Matzdorf et al. (2000) to the photoemission spectra
would be relatively difficult to calculate. Its existence
strongly suggests that the observed signals are a mixture
from surface layers with inhomogeneous properties, and
the situation is further complicated by calculations sug-
gesting that the top layer might even be ferromagnetic.

Much of the need to model the behavior near the M
point was overcome by the empirical discovery of
Damascelli et al. (2000) in which they showed that they
could deliberately degrade the surface layer and appar-
ently remove its contribution to the ARPES spectra.
This was achieved by reversing the usual ‘‘good prac-
tice’’ of low-temperature cleaving, and instead cleaving
at 180 K. This might have been expected both to remove
the signal from the surface (or top layer) and at the
same time broaden or degrade the assumed ‘‘bulk’’ con-
tribution (i.e., that from lower layers). Instead, it re-
moved the former and actually sharpened the latter, re-
sulting in the ARPES-derived Fermi surface shown in
Fig. 40. This Fermi surface agrees well with that pre-
dicted by electronic structure calculations. The areas of
the a and b sheets differ slightly from those predicted
by, for example, Oguchi (1995), but this feature is also
seen in dHvA. The ARPES work also gives angular in-
formation that cannot be obtained from dHvA in isola-
tion (for a discussion, see Bergemann et al., 2000).

That Fermi-surface data of the quality shown in Fig.
40 can be obtained from a multiband material such as
Sr2RuO4 is a testament to the advances that have been
made with ARPES. It does not, however, mean the end

FIG. 40. The Fermi surface of Sr2RuO4 reported by Damas-
celli et al. (2000) after the use of a special sample preparation
technique to remove a purely surface-related feature near the
M point of the Brillouin zone.
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to all uncertainty or controversy regarding the detail of
how to interpret ARPES data. For example, the inter-
pretation of Damascelli et al. (2000) and Puchkov et al.
(1998) that the surface-related features should be under-
stood in terms of a surface state has since undergone
some revision (Damascelli et al., 2001; Liebsch, 2001;
Shen et al., 2001). A question of more fundamental im-
portance is whether the story that has unfolded regard-
ing Sr2RuO4 (and other outstanding controversies re-
garding ARPES) will lead to the development of robust
experimental methods for separating signals genuinely
representative of the bulk from those due purely to sur-
face effects. It will be vital to develop this capability for
the community to have confidence in ARPES results on
materials for which there is no independent experimen-
tal check on bulk electronic structure from probes such
as dHvA. If it can be done, then Sr2RuO4 will have
made an important long-term contribution to the devel-
opment of a very important technique. Another area in
which we believe that Sr2RuO4 should prove useful is in
line-shape analysis. As ARPES resolution improves still
further, it will be interesting to compare line shapes from
Sr2RuO4 , where there is so much independent data
about electron correlations, with those obtained from
other materials in which ARPES is the often the pri-
mary source of such information.

APPENDIX C: THE ‘‘3-K’’ PHASE OF Sr2RuO4-Ru

As the program of crystal growth of Sr2RuO4 pro-
ceeded in the years immediately following the discovery
of superconductivity, it was observed that the ac suscep-
tibility of some growth batches occasionally appeared to
show weak diamagnetism up to temperatures as high as
3 K (Maeno et al., 1996). It was soon clear that this was
fully double the intrinsic Tc of 1.5 K expected of pure
Sr2RuO4 (Mackenzie, Haselwimmer, et al., 1998a,
1998b), raising questions about its origin. It was then
noticed that the anomalous diamagnetic signals occurred
in samples in which x-ray diffraction revealed the pres-
ence of small concentrations of Ru metal. Polishing crys-
tals from these batches showed small platelets of Ru
embedded in the Sr2RuO4 . The platelets had approxi-
mate thickness of 1 mm and length and width of 1–30
mm. The interplatelet separation was of order 10 mm,
and the region of Ru inclusion was usually at the central
portion of a cross section through the grown crystal rod.
The density of inclusions is very similar wherever they
occur, and they have no unique preferred orientation
relative to the crystal axes of the Sr2RuO4 . Spatially
resolved electron-probe analysis showed no sign of any
concentration gradient of Ru or Sr2RuO4 on the ap-
proach to an interface, nor of any resolvable oxidation
of the Ru metal.

As discussed by Maeno et al. (1998), all of the above
observations are consistent with eutectic solidification in
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a Ru-rich melt.61 The important consequence of this is
that in the two-phase region, the volume fraction of Ru
is dependent on the composition of the eutectic point,
and not on details of the growth conditions. This re-
moves some of the uncertainty in comparing different
‘‘3-K phase’’ samples. Typical susceptibility and resistiv-
ity data from single- and two-phase crystals are shown in
Fig. 41. Everything points to the existence of some spa-
tially inhomogeneous second superconducting phase. Of
most interest from the point of view of ruthenate super-
conductivity is why the two-phase sample should have
such an enhanced Tc . As shown by Maeno and co-
workers, it is not purely an effect of the ruthenium, for
several reasons. First, the Tc of pure Ru metal is only 0.5
K. Second, the large diamagnetic shielding suggests that
it is predominantly a surface effect. Third, the anisot-
ropy of the superconducting critical fields is related to
that of the crystal lattice of Sr2RuO4 , although there is
no unique orientation of the Ru platelets relative to this

61The principles are described, for example, in P. Gordon,
Principles of Phase Diagrams in Materials Systems (McGraw-
Hill, New York, 1968), Chap. 6.

FIG. 41. (a) In-phase and (b) out-of-phase components of the
ac susceptibility, and (c) in-plane resistivity, for typical crystals
of Sr2RuO4 with and without Ru platelets (large and small
symbols, respectively). Crystals without the platelets show
sharp transitions at 1.4–1.5 K, while those containing platelets
show the broad transitions displayed by the 3-K superconduc-
tivity. From Maeno et al. (1998).
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lattice. Taken together, these observations strongly sug-
gest a picture of surface superconductivity at the
Ru-Sr2RuO4 interface, residing dominantly in Sr2RuO4
(Maeno et al., 1998).

The properties of the 3-K phase were investigated
in detail by Ando et al. (1999). They showed that al-
though the critical-field anisotropy relates to the aniso-
tropic electronic structure of Sr2RuO4 , its value is
approximately 3, compared to 20 for pure Sr2RuO4 .
This suggests a hybrid state existing, by proximity, in
both the strongly anisotropic Sr2RuO4 and the much
more isotropic Ru. Important evidence that the 3-K
phase superconducting state is unconventional came
from Mao, Nelson, et al. (2001). In their experiment,
tunneling c-axis break junctions were made from two-
phase crystals. Zero-bias conduction peaks are seen, as
shown in Fig. 42. The fact that the sharp central feature
persists to well above the Tc of pure Sr2RuO4 suggests
that it is intrinsic to the 3-K phase. This interpretation is
supported by the fact that the broad outer features can
be suppressed at low temperatures by working in a mag-
netic field that exceeds the critical field of bulk Sr2RuO4
but not that of the 3-K phase. The conclusion drawn by
Mao et al. is that there is a strong tendency to form sur-
face Andreev bound states in the interface region of
Ru-Sr2RuO4 . Since these states indicate an order pa-
rameter with a direction-dependent phase (see Sec.
III.D), these results are good evidence in favor of un-
conventional superconductivity in the 3-K phase of
Sr2RuO4-Ru.

Sigrist and Monien (2001) have constructed a phe-
nomenological theory for the 3-K phase, based on a gen-

FIG. 42. Tunneling spectra for c-axis break junctions contain-
ing Ru platelets. The large peak in the conductance at zero
bias is evidence for the existence of Andreev bound states,
which are evidence in favor of unconventional superconductiv-
ity. The sharp central peak survives all the way to the Tc of the
3-K phase. From Mao, Nelson, et al. (2001).
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eralized Ginzburg-Landau formalism. Their assumption
is that there exists a superconducting surface state with
a higher Tc than that of the bulk. Their key findings
are that the lowered symmetry of the interface promotes
a superconducting state with a different symmetry to
that in the bulk. More precisely, they argue that the
kx ,ky degeneracy of the basic D0ẑ(kx6iky) state postu-
lated for the bulk is lifted, and that the component of
this state oriented as shown in Fig. 43 is the lowest-
energy solution. They argue that the phase structure is
particularly favorable for the formation of Andreev
bound states, and that their solution is therefore con-
sistent with the findings of Mao, Nelson, et al. (2001).
A prediction of their theory is that near Tc , Hc2 should
not have the standard (12T/Tc) dependence, but
instead should vary as (12T/Tc)0.5. This arises because
although only the component shown in Fig. 43 exists
in zero applied field, the application of the field allows
the other component to stabilize as well. A second
consequence of this would be an enhancement of the
critical field at low temperatures, an effect that is pre-
dicted to be strongest for fields along the crystallo-
graphic c axis.

Recently, the critical fields of 3-K phase material were
studied to higher precision by Wada and co-workers
(2002). Their results are shown in Fig. 44. Near Tc , Hc2
has a temperature dependence closer to the Sigrist-
Monien prediction than to that for a standard supercon-
ductor, and upward curvature is seen for Hic . Another
feature of the data (first reported by Ando et al., 1999) is
the existence of hysteresis for Hiab at high fields and
low temperatures.

It will be interesting to examine the properties of the
3-K phase in more detail, to further check the theory of
Sigrist and Monien. As they point out, measurements
isolating one interface would be particularly desirable.
The problem with bulk measurements is that they in-
volve averaging over the inhomogeneity that is inevita-

FIG. 43. Interface order parameter proposed by Sigrist and
Monien (2001) for the 3-K phase. A p-wave state nucleates at
the interface, with amplitude in both Sr2RuO4 and Ru. Its
wave function has lobes parallel and nodes perpendicular to
the interface.
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bly present in a two-phase eutectic solidification.62 Con-
firmation of the basic picture proposed by the theory
would be powerful evidence in favor of the triplet order
parameter for bulk Sr2RuO4 that Sigrist and Monien
used as an input parameter in their calculation. It might
also be possible to address the fascinating issue of the
superconducting mechanism in Sr2RuO4 . Understand-
ing the reason for Tc enhancement at an interface is an
obvious way to gain insight into the determining factors
in the bulk.63 The 3-K phase of Sr2RuO4 is a striking
example of the role of phase rules in materials science,
but it has turned out to be of broader interest than that
alone.

APPENDIX D: FURTHER EXAMPLES OF VECTOR ORDER
PARAMETERS

Earlier in the article, we presented an analysis of the
vector order parameter that has been most discussed in
relation to Sr2RuO4 , namely, d5D0ẑ(kx6iky). We be-

62Examples of interesting work that is subject to this difficulty
include Jin et al. (2000) and Hildebrand et al. (2001).

63It is possible, however, that Tc is raised mainly because of a
change to the density of states due to interface stress. Sigrist
and Monien argue that the behavior of the S3 phonon mode
observed by Braden et al. (1998) makes this a plausible sce-
nario.

FIG. 44. Upper critical-field data obtained for the 3-K phase
by Wada et al. (2002). Several features are in qualitative agree-
ment with the predictions of Sigrist and Monien (2001),
namely, (a) the unusual temperature dependence near Tc for
both field orientations and (b) the enhancement and upward
curvature seen for Hic . The split data for Hiab at low tem-
peratures represent the fact that the transition becomes hyster-
etic in that region.
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lieve that some readers would find it useful to see addi-
tional worked examples. Our goal is not a detailed the-
oretical analysis, but an attempt to enable someone new
to the field to deduce the basic symmetries, spin direc-
tions, and nodal structures associated with a given d vec-
tor. In our opinion, this kind of ‘‘practical working
guide’’ to decoding vector order parameters is absent
from most of the literature. We have chosen three extra
order parameters for analysis. Two of them are two-
dimensional analogs of the A1 and B phases that exist in
3He, chosen to emphasize the possible links between the
physics of that superfluidity (on which much of the
source literature on d vectors concentrates) and the su-
perconductivity of Sr2RuO4 . The third example con-
cerns a state with vertical line nodes that Sr2RuO4
would be expected to adopt in symmetry-breaking fields
if its order parameter in the absence of such fields is
indeed closely related to d5D0ẑ(kx6iky).64

1. An example of the nonunitary state—the two-dimensional
analog of the A1 phase of superfluid 3He

This triplet state has the order parameter

64In keeping with the discussion of Sec. IV and Table IV, we
adopt a two-dimensional convention, which neglects the inter-
layer processes that may be important in Sr2RuO4 . This would
still be a useful approximation if the interlayer processes are
‘‘additional’’ to the underlying in-plane ones, i.e., they do not
lead to any fundamental changes in symmetry.

FIG. 45. Cooper pair S and L vectors for d5D0/2( x̂1i ŷ)(kx

1iky). The large arrows denote L and the small arrows the
spins of the electrons in a pair. Both S and L are aligned out of
plane. Only one spin direction is paired, so it is a nonunitary
state in which TRS is broken by both spin and orbital parts.
This is the two-dimensional analog of the A1 phase of 3He.
Image by K. Deguchi.
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d5D0/2~ x̂1i ŷ!~kx1iky!

5D0/2H F kx1iky

0
0

G1iF 0
kx1iky

0
G J . (D1)

In 3He this phase emerges in a very narrow temperature
region just below Tc in an applied magnetic field, until it
changes to the A phase at lower temperatures. As de-
picted in Fig. 45, the S51 spin pairs, as well as the or-
bital angular momentum, are pointing in the c direction
(assuming that the z direction for spin corresponds to
the c direction of the crystal). Time-reversal symmetry is
thus broken in both orbital and spin space. The state is
nonunitary because

d3d* 52iD0ẑ~kx
21ky

2! (D2)

remains nonzero. There are therefore two energy gaps,

uD~k!6u5~kx
21ky

2!1/2~161 !52~kx
21ky

2!1/2 or 0.
(D3)

Thus the spin-up species has an isotropic gap, whereas
the spin-down species has a zero gap and they remain as
quasiparticles. As a consequence, half of the Fermi sur-
face remains ungapped.

2. The two-dimensional analog of the B phase of superfluid
3He

A two-dimensional Balian-Werthamer state is de-
scribed by

d5D0~ x̂kx1 ŷky!5D0F kx

ky

0
G . (D4)

FIG. 46. Cooper pair S and L vectors for d5D0( x̂kx1 ŷky).
The large arrows denote L and the small arrows the spins of
the electrons in a pair. The state consists of an equal superpo-
sition of pairs with S antiparallel to L, with no favored direc-
tion. It therefore respects TRS. This is the two-dimensional
analog of the BW, or A phase of 3He. Image by K. Deguchi.
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Since this order parameter can also be expressed as

d5D0/2$~ x̂1i ŷ!~kx2iky!1~ x̂2i ŷ!~kx1iky!%, (D5)

it can be thought of as the superposition of the two
states with parallel and antiparallel combinations of spin
and orbital wave functions, with quenched overall or-
bital angular momentum, as depicted in Fig. 46. In this
state the spin, as well as the orbital momentum, is quan-
tized along the c direction, but time-reversal symmetry
remains unbroken since there is no net value for either

FIG. 47. Cooper pair S and L vectors for d5D0ẑkx . The large
arrows denote L and the small arrows the spins of the elec-
trons in a pair. There is equal spin pairing for any quantization
axis in the plane, similar to Fig. 20. Here, though, there is no
favored direction of L, so TRS is respected. Image by K. De-
guchi.

FIG. 48. Energy gap corresponding to d5D0ẑkx , which has
vertical line nodes on a cylindrical Fermi surface. Image by K.
Deguchi.
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quantity. The cross product d3d* 50, so the state is uni-
tary. The energy gap uD(k)u5(kx

21ky
2)1/2 is nodeless, as

sketched in Fig. 21.

3. A final example, of possible relevance to Sr2RuO4 in
symmetry-breaking fields

In the presence of certain symmetry-breaking fields,
the degeneracy of the two components of an order pa-
rameter such as d5D0ẑ(kx6iky) can be broken (see the
discussion in Sec. VII), providing the state

d5D0ẑkx5D0F 0
0
kx

G . (D6)

The spins have the same properties as those for d
5D0ẑ(kx6iky) (see the analysis in Sec. IV.A.2). Since
d5D0ẑkx can be written as d5D0/2ẑ$(kx1iky)1(kx
2iky)%, it can be seen to consist of a superposition of
Lz511 and 21 states, as depicted in Fig. 47. Again,
there is no overall spin or orbital angular momentum, so
time-reversal symmetry is respected. The state is also
unitary.

In contrast to d5D0ẑ(kx6iky), the energy gap of d
5D0ẑkx has nodes

uD~k!u5ukxu. (D7)

These would be vertical line nodes on a cylindrical
Fermi surface, as sketched in Fig. 48.
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