
Srinivas Raghu 

Stanford University

Aspects of microscopic theories 
of  superconductivity in Sr2RuO4



References

Hidden Quasi-One-Dimensional Superconductivity in Sr2RuO4

S. Raghu, A. Kapitulnik, and S. A. Kivelson
Department of Physics, Stanford University, Stanford, California 94305, USA

(Received 26 March 2010; published 20 September 2010)

We show that the interplay between spin and charge fluctuations in Sr2RuO4 leads unequivocally to

triplet pairing which has a hidden quasi-one-dimensional character. The resulting superconducting state

spontaneously breaks time-reversal symmetry and is of the form !! ðpx þ ipyÞẑ with sharp gap minima

and a d vector that is only weakly pinned. The superconductor lacks robust chiral Majorana fermion

modes along the boundary. The absence of topologically protected edge modes could explain the

surprising absence of experimentally detectable edge currents in this system.
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Introduction.—Sr2RuO4 is a layered perovskite material,
isostructural to the hole-doped 214 family of cuprate super-
conductors. Below T ! 50 K, it exhibits Fermi liquid be-
havior and undergoes a superconducting transition at
Tc ¼ 1:5 K. There is compelling experimental evidence
which suggests that this superconducting state has odd
parity [1,2] and spontaneously breaks time-reversal [2–4]
symmetry. One of the simplest superconducting gap
functions which meets both of these requirements is the

chiral p-wave state, ~!ðpÞ / ðpx þ ipyÞẑ, a quasi-two-
dimensional version of superfluid 3He-A [5,6].

In its simplest form, this chiral pairing gives rise to a
topological superconductor: all Bogoliubov quasiparticle
excitations are gapped in the bulk whereas topologically
protected chiral Majorana fermion modes exist at the edge
of the system and in vortex cores [7]. These modes are
robust against all perturbations, including disorder, so long
as the BCS pairing gap in the bulk remains finite. In
addition, spontaneous supercurrents are expected at sample
edges and domain walls [8,9].

However, scanning SQUID imaging studies [10] have
revealed that edge currents of the expected magnitude are
not found in Sr2RuO4. Moreover, low temperature power
laws in the electronic specific heat [11] and the nuclear
spin relaxation 1=T1 [12] suggest that this material is not a
simple chiral superconductor, which would exhibit expo-
nentially activated behavior in both of these quantities. The
form of the superconducting order parameter which ac-
counts for all of the observed phenomena remains un-
known. Resolution of this puzzle could come from a
careful consideration of the normal state properties, which
are known with unprecedented detail [13,14]. The Fermi
surface of Sr2RuO4 consists of 3 sheets, denoted !, ", #
[13,14]. The ! and " sheets are hole and electron pockets
respectively; they are comprised primarily of the Ru dxz,
dyz orbitals which form quasi-one-dimensional bands. The
# sheet is composed mainly of the Ru dxy orbital, which
forms a quasi-two-dimensional band. A variety of experi-
ments have shown that the system behaves as a quasi-two-
dimensional Fermi liquid with considerable effective mass
enhancements [14]. Therefore, it is likely that electron

correlations play a significant role in influencing the pair-
ing mechanism of this system.
In this Letter, we present a microscopic theory of super-

conductivity in Sr2RuO4. Using a simple extension of a
recently developed weak-coupling analysis of the Hubbard
model [15], we show that the dominant superconducting
instability is in the triplet channel and occurs on the quasi-
1D Fermi surfaces of Sr2RuO4. The resulting supercon-
ducting state spontaneously breaks time-reversal symme-
try. It exhibits nodelike behavior since it possesses points
on the Fermi surface where the gap is parametrically small.
It supports Andreev bound states at domain walls and at the
edges of the system. However, it is a topologically trivial
superconductor without chiral Majorana fermion edge
modes.
Microscopic model.—We consider a simple Hamiltonian

with three bands derived from the Ru t2g orbitals

H ¼ H0 þU
X

i!

ni!"ni!# þ
V

2

X

i;!!"

ni!ni" þ $H: (1)

Here, we introduce vector indices such that ! ¼ x, y, and
z, refer, respectively, to the Ru dxz, dyz and dxy orbitals,
ni!% is the density of electrons having spin % at position i
in orbital ! and ni! ¼ P

%ni!%. The strength of the repul-
sive interaction between two electrons on like (distinct)
orbitals at the same lattice site is given by UðVÞ. H0 ¼P

!

P
~k%ð&0! ~k

&'Þcy~k!%c ~k!% is the dominant intraorbital

kinetic energy and gives rise to 3 decoupled energy bands
at the Fermi level as shown in Fig. 1. Here, we make use of
the following tight-binding parametrization:

&0xðyÞð ~kÞ ¼ &2t coskxðyÞ & 2t? coskyðxÞ

&0zð ~kÞ ¼ &2t0ðcoskx þ coskyÞ & 4t00 coskx cosky
(2)

where we take ðt; t?; t0; t00;'Þ ¼ ð1:0; 0:1; 0:8; 0:3; 1:0Þ
[16,17]. The quantity $H represents smaller terms such
as longer range hopping and spin orbit coupling (SOC)
which mix the distinct orbitals. It plays a relatively minor
role in determining the superconducting transition tem-
perature. However, $H plays a crucial role in selecting a
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Abstract. Is the mechanism of unconventional superconductivity in Sr2RuO4 closer in spirit
to superfluid 3He, or to the cuprates, pnictides, and organic superconductors? We challenge
prevailing assumptions in this field and using well-controlled perturbative renormalization group
calculations, we suggest that superconductivity in Sr2RuO4 resembles more closely the quasi-one
dimensional organic superconductors. Our theory has certain phenomenological consequences
that are consistent with the experimentally observed phenomena.

1. Introduction
Strontium Ruthenate, Sr2RuO4, is in many ways an archetypal unconventional superconductor.
We say this for several reasons. Firstly, Knight shift measurements[1] convincingly show that the
ground state is a spin-triplet (i.e. odd-parity[2, 3] ) superconductor. In a metal with time-reversal
and inversion symmetry, such states cannot arise from the electron-phonon interactions and must
occur as a consequence of the bare repulsive electron-electron interactions. Secondly, its layered
perovskite structure can be synthesized to a high degree of perfection, permitting us to neglect
the effects of disorder. Thirdly, its electronic structure is relatively simple compared to related
unconventional superconductors such as heavy fermion systems. Most importantly, its normal
state is a well-behaved Fermi liquid, as is known from quantum oscillations[4, 5], heat capacity[6],
and photoemission experiments[7](For a comprehensive review, see Ref. [8]). Therefore, it should
be possible to construct a microscopic theory of unconventional superconductivity that is based
on well-controlled effective field theoretic descriptions of a Landau Fermi liquid theory and its
instabilities. Such a theory would be an anchor point for understanding other unconventional
superconductors such as the organic, and perhaps even some aspects of the Iron pnictide and
cuprate superconductors.

This conference proceeding is based on the following works[9, 10, 11]. However, in addition
to elaborating and clarifying some aspects of this work, we will introduce some new points of
perspective that we hope may be of some use to those working in this fascinating field.

2. Electronic structure considerations
The quasiparticle bands at the Fermi energy of this system are derived primarily from the
Ruthenium dxz dyz, dxy orbitals. The electrons in these orbitals tunnel to neighboring sites
by making use of intervening oxygen atoms; however, for a low energy description that focuses
on states near the Fermi level and preserves all the symmetries of the system, it is sufficient
to consider solely the d-orbitals. We discuss the electronic structure at a qualitative level in
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where !!"/#kBTc0 is the pair-breaking parameter, 1/#
is the rate of pair-breaking scattering, Tc0 is the value of
Tc in the limit !→0, and $ is the digamma function. For
the case of nonmagnetic impurities in unconventional
superconductors, the functional form is unchanged, but
!!"/2#kBTc0 (Millis et al., 1988; Radtke et al., 1993).
The superconductivity is predicted to vanish at a critical
value of !, when the lifetime broadening "#"1 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 %.

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 &' cm. In this low-temperature limit,
the mean free path ! can be estimated from the resistiv-
ity using the simple formula

!!
2("d

e2)*
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 % (see Sec. III.C).
This semiquantitative agreement is striking, given that
the !+% 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-

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 &m. 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+,0/2(%2 and %0
+"-F /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 Tc!0.5 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.

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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The Unconventional superconductor Sr2RuO4 

Sr2RuO4 (Tc = 1.5 K) is an archetypal unconventional superconductor.

Mackenzie et al., 1998

Spin triplet superconductivity arises directly from 
repulsive electron-electron interactions.   

Sensitivity to disorder 
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The normal state is a pristine quasi 
2d Fermi liquid (Tc<T<25K).   

There is excellent agreement 
between ARPES and quantum 
oscillations: long-lived, dressed 
quasiparticle excitations above Tc.  

Electronic structure is very simple.

Controlled, microscopic theory of 
superconductivity should be feasible.  

The Unconventional superconductor Sr2RuO4 

Mackenzie and Maeno, RMP 2003



Properties of the superconducting state: Tc = 1.5 K

Phase-sensitive measurements have confirmed that SrRuO has 
odd-parity in the superconducting state. (K.D. Nelson et al., 2004)

mu-SR, Kerr effect experiments have confirmed that SrRuO breaks 
time-reversal symmetry in the superconducting state.  (Xia et al. 
2006, G. Luke et al. 1998). 

100 mK at 0.5 K and 30 mK at Tc, respectively, using
material parameters given in [4].

Figure 2 shows the polar Kerr signal of a sample that was
cooled in zero field (more correctly, the field at the location
of the sample was measured to be <0:2 Oe). Data were
collected upon warming up and each data point represents
a time average of 1600 seconds. Error bars represent
statistical uncertainty. In all figures showing Kerr effect
data we plot !!K!T" # !K!T" $ !nK, where !nK # !K!3 K"
is the normal-state baseline Kerr angle representing the
offset of the instrument in zero field (typically
<200 nanorad), or the Kerr angle of the instrument in
the presence of a magnetic field. The dashed curve is a fit
to a BCS gap temperature dependence. Also shown in this
figure is the resistive transition recorded for the same
sample. In general, we did not measure the two quantities
simultaneously to avoid possible effects of the current on
the measurement.

The data presented in Fig. 2 show a clear increase in !K
below Tc. With decreasing temperature, the signal in-
creases sublinearly and seems to saturate to a value of 60%
10 nanorad. The fact that the size of the signal fluctuates
can be due to transient effects in the sample, for example,
due to occasional vortices which attempt to modify the
sense of chirality in the sample (no signal can originate
from vortices as we will demonstrate below). In 6 zero-
field runs in different parts of the sample, we measured
positive Kerr phase shifts in three runs, negative Kerr phase
shifts in two runs, and reduced Kerr phase shift in which
the signal changes sign as the sample is warmed up from
0.5 K in one run. This suggests that if there are domains in
the sample they are a few times larger than the beam size
(possibly &50–100 "m).

The broken TRS is expected to have two possible chir-
alities. To choose between the two possible states, a TRS-
breaking field such as a magnetic field that couples to the
order parameter can be applied. Figure 3(a) shows the zero-
field warm-up PKE measurement after the sample was
cooled through Tc in a field of '93 Oe, while Fig. 3(b)
shows the zero-field warm-up PKE measurement after the
sample was cooled through Tc in a field of $47 Oe.
Clearly the two curves give a similar signal below Tc which
is equal in magnitude and opposite in sign. This is a clear
indication that the applied field indeed influenced the di-
rection of the chirality. Furthermore, the fact that the size
of the effect and its temperature dependence are the same
as in zero-field cooled experiments indicate that the signal
we observe is not due to trapped flux. Also, the temperature
dependence is clearly seen here to follow a BCS gap
function. Measurements at $93 Oe or at '47 Oe pro-
duced similar results to Fig. 3 but with opposite sign. An
even stronger indication that no trapped flux is involved is
shown in Fig. 3(a) where we mark the last two points of the
Kerr angle just before the '93 Oe field was turned off to
zero. Clearly no excess signal exists in the presence of the

field. Moreover, in a field of '93 Oe there are &3000
vortices. If the observed signal was entirely due to vortices,
it would imply a single vortex Kerr rotation of less than
10$11 rad, much below our sensitivity. Thus we proved
that a few possible trapped vortices [19] could not give the
observed signal at zero field. Finally, we observed that
while fields that are clearly above Hc1 could be used to
order the sense of chirality, measurements in which we
cooled the sample in fields as high as 4.7 Oe gave random
sign of the PKE, similar to zero field (with the same
&65 nanorad magnitude). It is therefore reasonable to
assume that ordering fields need to be of order Hc1 to
affect the low temperature sense of chirality of the sample.

Circular dichroism and birefringence effects applicable
for p-wave superconductors were previously calculated by
Yip and Sauls [20], showing that these effects arise from
the order parameter collective mode response of the super-
conductor. The expression they obtained for frequencies
much above the gap frequency is !K & !vF=c"!#=$L"(
!!=%F" ln!%F=!"!2!=@!"2. Here vF is the Fermi veloc-
ity, %F is the Fermi energy, # is the superconducting
coherence length, $L is the London penetration length,

∆
θ

∆
θ

FIG. 3. Representative results of training the chirality with an
applied field. (a) '93 Oe field cool, then zero-field warm-up
()). The two solid squares represent the last two points just
before the field was turned off. (b) $47 Oe field cool, then zero-
field warm-up ()). Dashed curves are fits to a BCS gap tem-
perature dependence.
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Odd-Parity superconductivity

Ψαβ(�k) = �c�kαc−�kβ�

Ψαβ(�k) = −Ψαβ(−�k)

Ψαβ(�k) = −Ψβα(−�k)

Ψαβ(�k) = Ψβα(�k)

Odd-parity = (pseudo)spin-triplet  superconductivity

Pair wave-function

Odd parity

Pauli Principle

spin-triplet pairing



Spin-triplet superconductivity

Ψαβ(�k) = �c�kαc−�kβ�

Ψ̂αβ =
�

Ψ↑↑ Ψ↑↓
Ψ↓↑ Ψ↓↓

�
=

�
−dx + idy dz

dz dx + idy

�

Order parameter is described by a vector in spin-space.

Knight shift experiments have confirmed the spin-1 nature of the 
order parameter (Ishida et al. 1998, Murakawa et al. 2004).

Ψαβ(�k) = i
�

�d(�k) · �σσy
�

αβ



!"1; the angular momentum vector is pointing up along
the c direction. The energy gap

!!"k#!!"kx
2"ky

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 $, 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

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, !0ẑkx , !0( x̂kx" ŷky), and !0/2( x̂"i ŷ)(kx
"iky), 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. 20. Sketches of Cooper pair S and L vectors for the order
parameter d!!0ẑ(kx#iky). 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.

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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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
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related degeneracy splitting can occur is through spin-
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2D triplet states with broken T

Simplest state of a quasi-2d 
system that breaks T: the 
chiral p-wave state:

�d(�k) ∼ (kx ± iky)ẑ

in 2d, such a state is fully 
gapped and “topologically 
ordered”.  

(Mackenzie and Maeno, RMP 2003)



Topological properties of the chiral state

H = �δ(�k) · �τ

N =
1
4π

�
d2kδ̂ ·

�
∂xδ̂ × ∂y δ̂

�

Anderson pseudospin representation of BCS

µ < 0

Strong pairing (trivial) 

µ > 0

weak pairing (skyrmion) 

Single-band system
N = number of net forward 
moving Majorana edge modes at a s.c/normal interface.

These quasiparticle edge modes contribute to electrical 
currents which are experimentally detectable.  

δ(�k) = (Re(∆(�k)), Im(∆(�k)), �(�k)− µ)



Experimental Puzzles

Low temperature power laws are observed in specific heat 
and NMR.  This is evidence against a simple chiral 
superconductor.  

Edge currents are several orders of magnitude smaller than 
theoretical expectations based on the simple chiral state.  

Only a single phase transition in an in-plane magnetic field 
near Tc.  

These findings are inconsistent with a simple chiral state
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by
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over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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superconducting state which breaks time-reversal symme-
try, as will be discussed below. When !H ¼ 0, the non-
interacting susceptibilities of the normal state are separate
functions for each orbital:

"#ð ~qÞ ¼ $
Z d2k

ð2$Þ2
fð%#; ~kþ ~qÞ $ fð%#; ~kÞ

%#; ~kþ ~q $ %#; ~k
(3)

where fð%Þ is the Fermi function. Since the quasi-two-
dimensional band is almost circular with a radius k2df , its

susceptibility is nearly constant: "z & 1=4$t0 for q <

2k2df . In contrast, the quasi-1D bands have susceptibilities

that are peaked at ~qx ¼ ð2k1df ;$Þ and ~qy ¼ ð$; 2k1df Þ for
the x and y orbitals, respectively. It is the structure of "x

and "y which gives rise to the incommensurate spin fluc-
tuations in the material [18].

Since the superconductivity in Sr2RuO4 evolves out of a
Fermi liquid and Tc ' Ef, it is reasonable to carry out a
weak-coupling analysis which treats the limit U, V ' W
where W is the bandwidth. In this limit, superconductivity
is the only instability of the Fermi liquid, and it can be
treated in an asymptotically exact manner via a two-stage
renormalization group analysis [15]. In the first stage, high
energy modes are perturbatively integrated out above an
unphysical cutoff, and an effective particle-particle inter-
action in the Cooper channel is derived:

!sðk̂; q̂;#Þ ¼ UþU2"#ðk̂þ q̂Þ $ 2V2
X

&!#

"&ðk̂$ q̂Þ

!tðk̂; q̂;#Þ ¼ $U2"#ðk̂$ q̂Þ $ 2V2
X

&!#

"&ðk̂$ q̂Þ
(4)

where !aðk̂; q̂;#Þ (a ¼ s or t) is the effective interaction in
the singlet (triplet) channel. In the second stage, the renor-
malization group flows of these effective interactions are
computed and the superconducting transition temperature
is related to the energy scale at which an effective interac-
tion grows to be of order 1:

Tc (We$1=j'ða;#Þ
0 j (5)

where 'ða;#Þ
0 is the most negative eigenvalue of the matrix

gða;#Þ
k̂;q̂

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
"vf

vfðk̂Þ

s
!aðk̂; q̂;#Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
"vf

vfðq̂Þ

s
(6)

with k̂ and q̂ constrained to lie on the Fermi surface of band
#. The pair wave function in the superconducting state is
proportional to the associated eigenfunction [15].
The values of 'ða;#Þ, obtained by numerical diagonaliza-

tion, are presented in Fig. 2. When V ¼ 0, the two dimen-
sional z band has its dominant pairing instability in the
singlet dx2$y2 channel and a substantially lower pairing

strength in the triplet p-wave channel. By contrast, the
pairing tendencies of the x and y bands are stronger, and
exhibit a close competition between singlet and triplet
pairing [19]. When V > 0, only triplet pairing in the
quasi-one-dimensional bands is enhanced. Since the solu-
tions with weaker pairing strengths have exponentially
smaller transition temperatures in the weak-coupling limit,
the effect of subdominant orders is negligible. Thus, in the
asymptotically weak-coupling limit, the dominant super-
conducting instability occurs in the quasi-one-dimensional
bands in the spin-triplet channel. For V > 0, triplet pairing
in the x and y bands is enhanced by virtual charge fluctua-
tions occurring in the z band. This conclusion is robust
against a rather large range of quantitative changes of the
band parameters [21]. The triplet pair wave function

##ð ~kÞ ¼ i½ ~d#ð ~kÞ * ~((y+; # ¼ x; y (7)

is specified by the complex vector ~d#ð ~kÞ in spin space. In

general, the real and imaginary parts of ~d# are independent
real vectors, and the net spin magnetization of band # is
~M# / ~d,# - ~d#. However, in weak coupling, only ‘‘unitary

states,’’ i.e., states with ~M# ¼ ~0, need be considered, so ~d#
can be expressed, up to a phase, as a real ‘‘gap function’’

times a real unit vector $̂#:

~d #ð ~kÞ ¼ %#ð ~kÞei)#$̂#: (8)
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FIG. 1 (color online). Tight-binding Fermi surface for the
noninteracting Hamiltonian H0. Hybridizations among different
orbitals are neglected in the solid curve and are included in the
dashed curve.
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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superconducting state which breaks time-reversal symme-
try, as will be discussed below. When !H ¼ 0, the non-
interacting susceptibilities of the normal state are separate
functions for each orbital:

"#ð ~qÞ ¼ $
Z d2k

ð2$Þ2
fð%#; ~kþ ~qÞ $ fð%#; ~kÞ

%#; ~kþ ~q $ %#; ~k
(3)

where fð%Þ is the Fermi function. Since the quasi-two-
dimensional band is almost circular with a radius k2df , its

susceptibility is nearly constant: "z & 1=4$t0 for q <

2k2df . In contrast, the quasi-1D bands have susceptibilities

that are peaked at ~qx ¼ ð2k1df ;$Þ and ~qy ¼ ð$; 2k1df Þ for
the x and y orbitals, respectively. It is the structure of "x

and "y which gives rise to the incommensurate spin fluc-
tuations in the material [18].

Since the superconductivity in Sr2RuO4 evolves out of a
Fermi liquid and Tc ' Ef, it is reasonable to carry out a
weak-coupling analysis which treats the limit U, V ' W
where W is the bandwidth. In this limit, superconductivity
is the only instability of the Fermi liquid, and it can be
treated in an asymptotically exact manner via a two-stage
renormalization group analysis [15]. In the first stage, high
energy modes are perturbatively integrated out above an
unphysical cutoff, and an effective particle-particle inter-
action in the Cooper channel is derived:

!sðk̂; q̂;#Þ ¼ UþU2"#ðk̂þ q̂Þ $ 2V2
X

&!#

"&ðk̂$ q̂Þ

!tðk̂; q̂;#Þ ¼ $U2"#ðk̂$ q̂Þ $ 2V2
X

&!#

"&ðk̂$ q̂Þ
(4)

where !aðk̂; q̂;#Þ (a ¼ s or t) is the effective interaction in
the singlet (triplet) channel. In the second stage, the renor-
malization group flows of these effective interactions are
computed and the superconducting transition temperature
is related to the energy scale at which an effective interac-
tion grows to be of order 1:

Tc (We$1=j'ða;#Þ
0 j (5)

where 'ða;#Þ
0 is the most negative eigenvalue of the matrix

gða;#Þ
k̂;q̂

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
"vf

vfðk̂Þ

s
!aðk̂; q̂;#Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
"vf

vfðq̂Þ

s
(6)

with k̂ and q̂ constrained to lie on the Fermi surface of band
#. The pair wave function in the superconducting state is
proportional to the associated eigenfunction [15].
The values of 'ða;#Þ, obtained by numerical diagonaliza-

tion, are presented in Fig. 2. When V ¼ 0, the two dimen-
sional z band has its dominant pairing instability in the
singlet dx2$y2 channel and a substantially lower pairing

strength in the triplet p-wave channel. By contrast, the
pairing tendencies of the x and y bands are stronger, and
exhibit a close competition between singlet and triplet
pairing [19]. When V > 0, only triplet pairing in the
quasi-one-dimensional bands is enhanced. Since the solu-
tions with weaker pairing strengths have exponentially
smaller transition temperatures in the weak-coupling limit,
the effect of subdominant orders is negligible. Thus, in the
asymptotically weak-coupling limit, the dominant super-
conducting instability occurs in the quasi-one-dimensional
bands in the spin-triplet channel. For V > 0, triplet pairing
in the x and y bands is enhanced by virtual charge fluctua-
tions occurring in the z band. This conclusion is robust
against a rather large range of quantitative changes of the
band parameters [21]. The triplet pair wave function

##ð ~kÞ ¼ i½ ~d#ð ~kÞ * ~((y+; # ¼ x; y (7)

is specified by the complex vector ~d#ð ~kÞ in spin space. In

general, the real and imaginary parts of ~d# are independent
real vectors, and the net spin magnetization of band # is
~M# / ~d,# - ~d#. However, in weak coupling, only ‘‘unitary

states,’’ i.e., states with ~M# ¼ ~0, need be considered, so ~d#
can be expressed, up to a phase, as a real ‘‘gap function’’

times a real unit vector $̂#:

~d #ð ~kÞ ¼ %#ð ~kÞei)#$̂#: (8)
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FIG. 1 (color online). Tight-binding Fermi surface for the
noninteracting Hamiltonian H0. Hybridizations among different
orbitals are neglected in the solid curve and are included in the
dashed curve.
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FIG. 2 (color online). Pairing eigenvalues as a function of V=U
for the band structure parameters quoted in the text. The stron-
gest pairing strengths occur among the quasi-1D f#;&g bands.
There is a near degeneracy of the singlet and triplet eigenvalues
for V ¼ 0, but with V > 0, the quasi-1D triplet state is the
dominant superconducting configuration.
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by
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p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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FIG. 1. Constant-v scans performed at h̄v ! 6.2 meV
around Q ! !1.3, 0.3, 0" along the !0, 1, 0" direction:
T ! 10.4 K (≤), T ! 295 K (±).

existence of comparable peaks at Q0 ! q0 1 G, where
q0 ! !60.3, 60.3, 0" # !60.6p$a, 60.6p$a, 0" and G
is a zone center or a Z point !001" in the !HK0" plane.
The best fit of the data to a Gaussian profile [15] incorpo-

rating experimental resolution function demonstrates that

the peak intensity is isotropic with an intrinsic q width

(FWHM), Dq ! 0.13 6 0.06 Å21.

The interpretation of the scattering at q0 as magnetic

in origin is supported by the large number of points in

reciprocal space where it has been observed. Further, the

lowest phonon frequencies at q0 are above 12 meV [16].

In addition, in contrast to a phonon-related scattering that

increases at large jQj or with temperature, the scattering
at q0 decreases both at large wave vector (Fig. 2) and at

high temperature (Fig. 1). These different points establish

the magnetic origin of the scattering observed around q0.

In contrast, in spite of several attempts, no sizable FM

spin fluctuations have been observed.

In a paramagnetic state, the magnetic neutron cross

section per formula unit can be written in terms of

the imaginary part of the dynamical spin susceptibility,

x 00!Q, v", as [17,18]
d2s

dV dv
!

kf

ki
r2

0
2F2!Q"

p!gmB"2

x 00!Q, v"
1 2 exp!2h̄v$kBT"

, (1)

where ki and kf are the incident and final neutron wave

vectors, r2
0 ! 0.292 barn, F!Q" is the magnetic form fac-

tor, and g % 2 is the Landé factor. The intensity of

the scattering can be reasonably well described by the

squared magnetic form factor of the Ru1 ion [19] (note

that the magnetic form factor of Ru41 is not available)

after correction for geometrical factors related to the un-

favorable shape of the sample; see Fig. 2. According to

our measurements, the q dependence of x 00 can be pa-
rametrized by x 00!Q, v" ! x 00!q0, v" exp&24 ln!2" !Q 2
Q0"2$Dq2'.
The Fermi surface in Sr2RuO4 is formed by three sheets

[14]: one, related to the 4dxy orbitals is quasi-2D, whereas

FIG. 2. Magnetic intensity, measured at T ! 10.4 K and
h̄v ! 6.2 meV as a function of jQj. For each point, the
corresponding wave vector, !H, K , L", is also reported. The
full line corresponds to the square of the Ru1 magnetic form
factor.

the two others, related to 4dxz,yz orbitals, are quasi-1D.

The 1D sheets can be schematically described by parallel

planes separated by q̄ ! 62p$3a, running both in the x
and in the y directions. These peculiarities give rise to
dynamical nesting effects at the wave vectors k ! !q̄, ky",
k ! !kx , q̄", and, in particular, at q̄ ! !q̄, q̄". The nesting
effects become dominant when calculating the bare spin

susceptibility of a noninteracting metal [14], given by the

Lindhard function [17]

x0!q, v" ! 22m2
B

X
k

fk1q 2 fk

´k1q 2 ´k 2 h̄v 1 ie
, (2)

where e ! 0, fk is the Fermi distribution function, and

´k the quasiparticle dispersion relation. Our INS data are

in very close agreement with the predicted four spots of

magnetic scattering situated at q̄ ! !62p$3a, 62p$3a"
[14]. In the experiment the incommensurate magnetic

responses are actually observed slightly away, at q0k !
!60.6p$a, 60.6p$a", which is most likely related to
details of the band structure [14].

Let us now consider the energy dependence and mag-

nitude of x 00!q0, v". At T ! 10.4 K, constant-v scans

have been measured at Q ! !1.3, 0.3, 0" along the !0, 1, 0"
direction for different transferred energies between 2.4

and 12 meV. The magnetic response always displays

a Gaussian profile, located at q0 with an energy in-

dependent q width, on top of a constant background.

In addition, two energy scans have been performed at

Q ! !1.3, 0.3, 0" and at Q ! !1.3, 0.46, 0", the latter pro-
viding a background reference. These measurements

allow us to determine the energy dependence of the mag-

netic response at q0 from 1.5 to 12 meV. The analysis

could not be extended to higher and lower energies due

to the contaminations by phonon [16] and elastic inco-

herent scattering, respectively. Using Eq. (1), the mag-

netic intensity has been converted to the dynamical spin
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However, the dominant magnetic excitations are 
at q = (2kF,2kF): strong nesting among 1d bands.  

Triplet pairing from primarily large momentum 
particle-hole fluctuations?    

(See Scalapino, RMP 2012).
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Heat capacity measurements

Cited as evidence in favor of   as active band.  γ

Contribution to total normal state DOS(EF):  

} from dH-vA
C

T

����
Tc

= 32 mJ/K2mol

Actual C/T: 38 mJ/K2 mol 
(15% disagreement with dH-vA).

single crystalline rod, to a size of 2:8! 4:8 mm2 in the
a-b plane and 0.50 mm along the c axis. The side of the
crystal was intentionally misaligned from the [110] axis
by 16". The field-orientation dependence of the specific
heat was measured by a relaxation method with a dilution
refrigerator. Since a slight field misalignment causes two-
fold anisotropy of the specific heat due to the large Hc2
anisotropy #Hc2kab=Hc2kc $ 20% [30], the rotation of the
field H within the RuO2 plane with high accuracy is very
important. For this experiment, we built a measurement
system consisting of two orthogonally arranged SC mag-
nets [32] to control the polar angle of the field H. The two
SC magnets are installed in a Dewar seating on a me-
chanical rotating stage to control the azimuthal angle.
With the dilution refrigerator fixed, we can rotate the
field H continuously within the RuO2 plane with a mis-
alignment no greater than 0:01" from the plane.

The electronic specific heat Ce under the in-plane
magnetic fields was obtained after subtraction of the
phonon contribution with a Debye temperature of 410 K.
The left panel of Fig. 1 shows Ce=T for the [100] field
direction, as a function of field and temperature. The
figure is constructed from data involving 13 temperature
sweeps and 11 field sweeps. At low temperatures in zero
field, power-law temperature dependence of Ce=T / T
was observed, corresponding to the QPs excited from
the line nodes or nodelike structure in the gap.

Now we focus on the field dependence of Ce=T at low
temperature shown in Figs. 1 and 2(a). Ce=T increases
sharply up to about 0.15 T and then gradually for higher
fields. This unusual shoulder is naturally explained by the
presence of two kinds of gaps [9]. On the basis of the
different orbital characters of the three Fermi surfaces (!,
", and #) [8], the gap amplitudes !!" and !# are ex-
pected to be significantly different [24]. The normalized
DOS of those bands are N!"

Ntotal
& 0:43 and N#

Ntotal
& 0:57 [2].

Since the position of the shoulder in Ce=T corresponds
well with the partial DOS of the ! and " bands, we
conclude that the active band which has a robust SC gap
in fields is the # band, mainly derived from the in-plane
dxy orbital of Ru 4d electrons. Figures 2(a) and 2(b) show
the field and temperature dependence of Ce=T under the
in-plane magnetic fields H k '100( and H k '110( and
indicate the existence of a slight in-plane anisotropy.

In the mixed state, the QP energy spectrum is affected
by the Doppler shift $! & "hk ) vs, where vs is the super-
fluid velocity around the vortices and "hk is the QP mo-
mentum. This energy shift gives rise to a finite DOS at the
Fermi level in the case of $! * !#k% [33]. Since vs ? H,
$! & 0 for k k H. Thus the generation of nodal QPs is
suppressed for H k nodal directions and yields minima in
Ce=T [25–27].

Figure 3 shows the field-orientation dependence of
the specific heat. The absence of a twofold oscillatory
component in the raw data guarantees that the in-plane
field alignment is accurate during the azimuthal-angle
rotation. Thus Ce#T;H;%% can be decomposed into

%-independent and fourfold oscillatory terms, where the
in-plane azimuthal field angle % is defined from the
[100] direction: Ce#T;H;%% & C0#T;H% + C4#T;H;%%.
C4#T;H;%%=CN is the normalized angular variation
term, where CN is the electronic specific heat in the
normal state: CN & #NT with #N & 37:8 mJ=K2 mol.
There is no discernible angular variation in the normal
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single crystalline rod, to a size of 2:8! 4:8 mm2 in the
a-b plane and 0.50 mm along the c axis. The side of the
crystal was intentionally misaligned from the [110] axis
by 16". The field-orientation dependence of the specific
heat was measured by a relaxation method with a dilution
refrigerator. Since a slight field misalignment causes two-
fold anisotropy of the specific heat due to the large Hc2
anisotropy #Hc2kab=Hc2kc $ 20% [30], the rotation of the
field H within the RuO2 plane with high accuracy is very
important. For this experiment, we built a measurement
system consisting of two orthogonally arranged SC mag-
nets [32] to control the polar angle of the field H. The two
SC magnets are installed in a Dewar seating on a me-
chanical rotating stage to control the azimuthal angle.
With the dilution refrigerator fixed, we can rotate the
field H continuously within the RuO2 plane with a mis-
alignment no greater than 0:01" from the plane.

The electronic specific heat Ce under the in-plane
magnetic fields was obtained after subtraction of the
phonon contribution with a Debye temperature of 410 K.
The left panel of Fig. 1 shows Ce=T for the [100] field
direction, as a function of field and temperature. The
figure is constructed from data involving 13 temperature
sweeps and 11 field sweeps. At low temperatures in zero
field, power-law temperature dependence of Ce=T / T
was observed, corresponding to the QPs excited from
the line nodes or nodelike structure in the gap.

Now we focus on the field dependence of Ce=T at low
temperature shown in Figs. 1 and 2(a). Ce=T increases
sharply up to about 0.15 T and then gradually for higher
fields. This unusual shoulder is naturally explained by the
presence of two kinds of gaps [9]. On the basis of the
different orbital characters of the three Fermi surfaces (!,
", and #) [8], the gap amplitudes !!" and !# are ex-
pected to be significantly different [24]. The normalized
DOS of those bands are N!"

Ntotal
& 0:43 and N#

Ntotal
& 0:57 [2].

Since the position of the shoulder in Ce=T corresponds
well with the partial DOS of the ! and " bands, we
conclude that the active band which has a robust SC gap
in fields is the # band, mainly derived from the in-plane
dxy orbital of Ru 4d electrons. Figures 2(a) and 2(b) show
the field and temperature dependence of Ce=T under the
in-plane magnetic fields H k '100( and H k '110( and
indicate the existence of a slight in-plane anisotropy.

In the mixed state, the QP energy spectrum is affected
by the Doppler shift $! & "hk ) vs, where vs is the super-
fluid velocity around the vortices and "hk is the QP mo-
mentum. This energy shift gives rise to a finite DOS at the
Fermi level in the case of $! * !#k% [33]. Since vs ? H,
$! & 0 for k k H. Thus the generation of nodal QPs is
suppressed for H k nodal directions and yields minima in
Ce=T [25–27].

Figure 3 shows the field-orientation dependence of
the specific heat. The absence of a twofold oscillatory
component in the raw data guarantees that the in-plane
field alignment is accurate during the azimuthal-angle
rotation. Thus Ce#T;H;%% can be decomposed into

%-independent and fourfold oscillatory terms, where the
in-plane azimuthal field angle % is defined from the
[100] direction: Ce#T;H;%% & C0#T;H% + C4#T;H;%%.
C4#T;H;%%=CN is the normalized angular variation
term, where CN is the electronic specific heat in the
normal state: CN & #NT with #N & 37:8 mJ=K2 mol.
There is no discernible angular variation in the normal
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single crystalline rod, to a size of 2:8! 4:8 mm2 in the
a-b plane and 0.50 mm along the c axis. The side of the
crystal was intentionally misaligned from the [110] axis
by 16". The field-orientation dependence of the specific
heat was measured by a relaxation method with a dilution
refrigerator. Since a slight field misalignment causes two-
fold anisotropy of the specific heat due to the large Hc2
anisotropy #Hc2kab=Hc2kc $ 20% [30], the rotation of the
field H within the RuO2 plane with high accuracy is very
important. For this experiment, we built a measurement
system consisting of two orthogonally arranged SC mag-
nets [32] to control the polar angle of the field H. The two
SC magnets are installed in a Dewar seating on a me-
chanical rotating stage to control the azimuthal angle.
With the dilution refrigerator fixed, we can rotate the
field H continuously within the RuO2 plane with a mis-
alignment no greater than 0:01" from the plane.

The electronic specific heat Ce under the in-plane
magnetic fields was obtained after subtraction of the
phonon contribution with a Debye temperature of 410 K.
The left panel of Fig. 1 shows Ce=T for the [100] field
direction, as a function of field and temperature. The
figure is constructed from data involving 13 temperature
sweeps and 11 field sweeps. At low temperatures in zero
field, power-law temperature dependence of Ce=T / T
was observed, corresponding to the QPs excited from
the line nodes or nodelike structure in the gap.

Now we focus on the field dependence of Ce=T at low
temperature shown in Figs. 1 and 2(a). Ce=T increases
sharply up to about 0.15 T and then gradually for higher
fields. This unusual shoulder is naturally explained by the
presence of two kinds of gaps [9]. On the basis of the
different orbital characters of the three Fermi surfaces (!,
", and #) [8], the gap amplitudes !!" and !# are ex-
pected to be significantly different [24]. The normalized
DOS of those bands are N!"

Ntotal
& 0:43 and N#

Ntotal
& 0:57 [2].

Since the position of the shoulder in Ce=T corresponds
well with the partial DOS of the ! and " bands, we
conclude that the active band which has a robust SC gap
in fields is the # band, mainly derived from the in-plane
dxy orbital of Ru 4d electrons. Figures 2(a) and 2(b) show
the field and temperature dependence of Ce=T under the
in-plane magnetic fields H k '100( and H k '110( and
indicate the existence of a slight in-plane anisotropy.

In the mixed state, the QP energy spectrum is affected
by the Doppler shift $! & "hk ) vs, where vs is the super-
fluid velocity around the vortices and "hk is the QP mo-
mentum. This energy shift gives rise to a finite DOS at the
Fermi level in the case of $! * !#k% [33]. Since vs ? H,
$! & 0 for k k H. Thus the generation of nodal QPs is
suppressed for H k nodal directions and yields minima in
Ce=T [25–27].

Figure 3 shows the field-orientation dependence of
the specific heat. The absence of a twofold oscillatory
component in the raw data guarantees that the in-plane
field alignment is accurate during the azimuthal-angle
rotation. Thus Ce#T;H;%% can be decomposed into

%-independent and fourfold oscillatory terms, where the
in-plane azimuthal field angle % is defined from the
[100] direction: Ce#T;H;%% & C0#T;H% + C4#T;H;%%.
C4#T;H;%%=CN is the normalized angular variation
term, where CN is the electronic specific heat in the
normal state: CN & #NT with #N & 37:8 mJ=K2 mol.
There is no discernible angular variation in the normal
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fold oscillatory component in the raw data at ! ¼ 90"

guarantees that the in-plane field alignment is accurate
during the azimuthal-angle " rotation. For the field range
0:15T < #0H < 1:2T, where the QPs in the active band $
are the dominant source of in-plane anisotropy of Ceð"Þ, a
non-sinusoidal 4-fold angular variation approximated as
Ceð"Þ ¼ C0 þ C4f4ð"Þ with f4ð"Þ ¼ 2j sin 2"j& 1 is ob-
served. Since we observe (i) no angular variation above
Hc2 in the normal state and (ii) a 4-fold angular variation
with the phase inverse to that due to the in-plane Hc2

anisotropy below Hc2 in the SC state, we conclude that the 4-
fold oscillations at low temperature originate from the
anisotropy in the SC gap.31) In addition, cusp-like features at
the minima (" ¼ ð%=2Þn, n: integer) are attributable to the
strong reduction of QP excitations for the nodal direction
parallel to H since the Doppler shift becomes &! ¼ 0 for a
purely two-dimensional gap structure.26) On the other hand,
strong kz dependence of the gap function would enhance the
QP excitations even for the nodal direction parallel to H, so
that the cusp-like features would have been strongly sup-
pressed. Therefore, in the active band $, the gap structure
with vertical line nodes or gap minima along the ½100(
directions are promising. In addition, from the consistency
with observed value of 'Ce=$NTc, which mainly originates
from the active band $, we can deduce the order parameter
dðkÞ ¼ ẑz'0ðsin akx þ i sin akyÞ with gap minima for the

active band.31)

Figure 3(c) shows the field dependence of C4=CN for
H k ab-plane at T ¼ 0:12K. C4=CN is the normalized
angular variation amplitude, where CN ¼ $NT is the elec-
tronic specific heat in the normal state. At low fields
(#0H ) 0:15 T) and low temperatures (T ) 0:3K) where
QPs on both the active and passive bands are important, the
oscillation anisotropy rapidly decreases. We define the
threshold field Hth for the strong reduction of C4=CN in
Fig. 3(c). While the previous experimental study31) has
resolved the directions of gap minima in the active band $,
there still remains two types of possibilities predicted for the
passive bands ( and ): (A) horizontal line nodes41–44) and
(B) vertical lines of nodes or of gap minima.45–48)

In view of the gap structure in the active band, this steep
reduction of C4 may be explained with the gap minima 'min

of dðkÞ ¼ ẑz'0ðsin akx þ i sin akyÞ: at low field (Doppler shift
&! ) 'min) the 4-fold oscillations cannot occur, whereas
above the threshold field Hth (&! * 'min) the 4-fold
oscillations will be observed. In this case, the gap structure
of both (A) and (B) are still possible in passive bands, since
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Microscopic model and 
superconductivity



H = Hkin + U

�

i,α

niα↑niα↓ +
V

2

�

iα�=α�

niαniα�

strongest hybridizations 
among all 3 t2g orbitals

Intra-orbital 
repulsion

Inter-orbital 
repulsion

Microscopic Model

We consider the simplest multi-orbital model which contains the 
essential physics.  

Start by neglecting     :band mixings and couple distinct orbitals 
only with V.

We will treat effect of band mixing phenomenologically as a small 
perturbation.  

+ δH

δH



Weak-coupling solution

We follow the asymptotically exact weak-coupling method described 
in the following work:

S.R., S. A. Kivelson and D. J. Scalapino, PRB 81, 224505 (2010).

Strategy: 

1) Integrate out states above an artificial initial cutoff.  
2) Study the RG flow of the resulting effective action.  
3) Determine scale at which RG flows in the Cooper channel break 
down.  This is the pairing scale.  

Prescription is based on R. Shankar and J. Polchinsky’s RG 
treatment of the Fermi liquid.    
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FIG. 3: (Color online) Pairing eigenvalues as a function of
V/U for the bandstructure parameters quoted in the text.
The strongest pairing strengths occur among the quasi-1D
{α, β} bands. There is a near degeneracy of the singlet and
triplet eigenvalues for V = 0, but with V > 0, the quasi-1D
triplet state is the dominant superconducting configuration.

glet(triplet) channel. Figure 2 displays the Feynman di-
agrams which contribute to these leading terms in the
perturbative expansion. In the second stage, the renor-
malization group flows of these effective interactions are
computed and the superconducting transition tempera-
ture is related to the energy scale at which these RG
flows break down. Following this basic prescription, one
obtains

Tc ∼ We−1/|λs,t

0
| (5)

where λs,t
0 are the most negative eigenvalue of

gs,t(k̂, q̂, α) =

√

v̄f

vf (k̂)
Γs,t(k̂, q̂, α)

√

v̄f

vf (q̂)
(6)

The most negative eigenvalue determines the supercon-
ducting ground state and its eigenfunction the pair wave-
function is related to the associated eigenfunction as de-
scribed in Ref. [12].

The central result of this section is shown in Fig. 3.
When V = 0, the two dimensional xy band has its domi-
nant pairing instability in the dx2−y2 channel with a sub-
stantially lower pairing strength in the triplet channel.
However, the xz,yz bands exhibit a close competition be-
tween singlet and triplet pairing and therefore, triplet
pairing is a close contender among these degrees of free-
dom. A similar competition between singlet and triplet
pairng is thought to occur in the quasi-one dimensional
organic Bechgaard salts where similar bandstructure ef-
fects are encountered[? ]. When V > 0, however, it is im-
mediately seen that the triplet solution is favored among
the quasi-one dimensional bands, whereas the quasi-two

!1 !0.5 0 0.5 1
!1

!0.5

0

0.5

1

k
x
/"

k
y
/"

+

+

+

!

!

!

FIG. 4: (Color online) The triplet state within the xz orbital
has kx-wave symmetry but also has line nodes near ky = π/2
due to the strong nesting at (2k1d

f , π). The condensate on
the yz orbital is related to the one shown here by a 90-degree
rotation.

dimensional band continues to possess its dominant in-
stability in the d-wave channel. Moreover, the other solu-
tions have exponentially smaller transition temperatures
in the weak-coupling limit and their effect is therefore
negligible. Thus, within our simplified model, we have
shown that the dominant superconducting instability oc-
curs among the quasi-one dimensional bands in the spin-
triplet channel.

The triplet pair wave-function

Ψα(#k) = i
[

#dα(#k) · #σσy
]

, α = xz, yz (7)

is specified by the complex vector #d(#k) in spin-space; in
the absence of any mixing among the orbitals, its orien-
tation is completely arbitrary. Figure 4 shows the sign
of Ψx(#k) on the xz Fermi surface. In addition to hav-
ing odd parity, the wave function has two point nodes
on the Fermi surface near ky = ±π/2 and is well ap-

proximated by #dx(#k) = sinkx cos kyd̂ with d̂ an arbitrary
unit vector in spin-space. The nodal structure arises due
to the peak in the susceptibility, and therefore the effec-
tive #k-dependent repulsive interaction at #k = (2k1d

f , π)
which acts to enforce a sign change of the gap function
on the Fermi surface. By symmetry, the pair-wave func-
tion #dy(#k) = eiφ sin ky cos kx on the yz Fermi surface and
φ is an arbitrary phase which carries no meaning when
the two orbitals are perfectly decoupled. We shall see,
however, that it plays a crucial role in spontaneously
breaking time-reversal symmetry when mixing between
the orbitals is switched on.

Broken time-reversal symmetry and nodes - By the
underlying tetragonal symmetry of the problem, we are
guaranteed that both the xz and yz orbitals have iden-

3

Superconductivity in the weak 
coupling limit is dominant on 
the xz,yz orbitals.  The xy 
orbital has an exponentially 
lower pairing strength. 

There is a near-degeneracy 
between singlet and triplet 
pairing on the xz,yz orbitals 
for small V.  

For V finite: triplet pairing is 
dominant.  All other solutions 
have exponentially smaller Tc.    

Weak-coupling limit: pairing occurs primarily among {xz,yz} electrons.   

Weak-coupling solution
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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The    Fermi surface is 
nearly perfectly circular.  

γ

The pairing interaction depends 
on the susceptibility and is weak 
for a circular Fermi surface, 
independent of the mass 
enhancement.  

Weak-coupling solution



�dxz(�k) ≈ eiφx sin kx cos kyΩ̂x

�dyz(�k) ≈ eiφy sin ky cos kxΩ̂y

nodal line: pair wave 
function changes sign. 

In the absence of band 
mixings between xz,yz,

φx,φy, Ω̂x, Ω̂y

are completely arbitrary.

They are determined by small 
perturbations of the electronic 
structure which mix xz,yz bands.
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This state is similar to the 
quasi-1D organic 
superconductors. 

Weak-coupling solution



Effect of small perturbations

Near Tc, the effect of small perturbations (spin-orbit coupling  
and longer range inter-orbital hopping t’’) is to introduce a 
binary choice for the orientation of the d-vector.  

r1 < Min[0, r2] Both d-vectors are perpendicular 
to the xy plane. 

r2 < Min[0, r1] Both d-vectors lie in the xy plane. 

F = r
�
|�dxz|2 + |�dyz|2

�
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�
|dz

xz|2 + |dz
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FIG. 2: We begin with the model containing completely decoupled 1D bands, whose Fermi surface is shown in blue. Assume
that the superconductivity comes from these bands and is p-wave. Since both 1D bands are decoupled, the phase difference φ
between the two sets of bands is completely arbitrary. The first thing we want to study is what will φ be when the two bands
are allowed to mix, leading to the Fermi surface drawn with dotted lines.

and obey
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Above, we have defined the constants ∆x, ∆y to be both positive definite. The spectrum is easily obtained. Of course,
there is no dependence on the relative phase φ:

E±,a = ±
√

(2 cos ka + µ)2 + ∆2
a sin2 ka, a = x, y (3)

This is just the spectrum for two completely decoupled p-wave chains. Furthermore, there is a gap everywhere on
the Fermi surface. For −2 < µ < 2, the system is in the weak-pairing phase: in the spinless-fermion problem, this
corresponds to a phase described by two decoupled transverse-field Ising chains. For a finite-size sysem, at the end
of each such chain is an unpaired Majorana fermion corresponding to a Bogoliubov “mid-gap” state (this is just the
Majorana fermion analog of polyacetylene). The relative phase φ defined above can be varied freely, and nothing
happens to the system - this is just a gauge transformation at the level considered here.

Next, imagine coupling the two 1D chains weakly. The BCS pairing Hamiltonian in this case is only modified in
the single-particle terms:

H =
∑

k

(

d†x,k d†y,k

)

(

−2 coskx − µ λ(k)
λ(k) −2 cosky − µ

) (

dx,k

dy,k

)

+
∑

a=x,y

V a
0

∑

k,k′

kak′ad†a,−k
d†a,kda,k′da,−k′ (4)

Due to the symmetry of the two orbitals, it can be easily shown that λ(k) is of the form

λ(k) = 4t′ sin kx sin ky (5)

and the mean-field equations are
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The spectrum is easily obtained by inspecting the square of the Hamiltonian. The spectrum is of the form

Eσ,τ = σ

√

A + τ
√

B
√

2
, σ, τ = ± (7)

k-space

Formation of the Chiral p-wave state

φ is arbitrary for nearly decoupled 
xz,yz orbitals.  

cos φ = 0
i.e. px+ipy or px-ipy

System spontaneously breaks T to maximize condensation energy.

hybridization of orbitals just below Tc: 

�d ∝ ẑ



Structure of the Chiral p-wave state

Sharp gap minima ~ (t’’/t)2Tc

px+ipy state on both quasi-1D Fermi surfaces -> Multiband state.



Structure of the Chiral p-wave state

px+ipy state on both quasi-1D Fermi surfaces -> Multiband state.

Sharp gap minima ~ (t’’/t)2Tc

Similar to the high field phase 
of quasi-1D organic 
superconductors? 



Properties of the quasi-1D superconductor

hole 
pocket

VOLUME 85, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 11 DECEMBER 2000

FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.
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After surface treatment, in good agreement with dHvA
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FIG. 2. ARPES spectra along G-M-G, at three different photon
energies. The cuts are centered at the M point and extend beyond
the g and b FS crossings in both the first and second zones.

giving the impression of an evHS. At 16 eV it is impos-
sible to identify the g crossings. At 22 eV the location
of the leading edge midpoints is at best suggestive of the
presence of the g crossings.

We have shown that the g electron pocket had so far
escaped detection in ARPES because it is indistinguish-
able from the SS feature at low photon energy and/or low
angular resolution. In order to have a full picture of the
relevant issues to be addressed, let us proceed to the dis-
cussion of the FS mapping. Figure 3b shows the EF in-
tensity map obtained at 28 eV on a Sr2RuO4 single crystal
cleaved and measured at 10 K. The actual EDC’s were
taken over more than a full quadrant of the PZ with a reso-
lution of 0.3± !1±" in the horizontal (vertical) direction.
The EDC’s were then integrated over an energy window
of 610 meV about the chemical potential. The resulting
map of 73 3 22 points was then symmetrized with respect
to the diagonal G-X (to compensate for the different reso-
lutions along horizontal and vertical directions). The a, b,
and g sheets of FS are clearly resolved, and are marked by

FIG. 3 (color). Panel (a): LEED pattern measured at 10 K
with 450 eV electrons. The arrows indicate superlattice reflec-
tions due to

p
2 3

p
2 surface reconstruction. Panel (b): EF

intensity map. Primary a, b, and g sheets of FS are marked by
red lines, and replica due to surface reconstruction is marked by
yellow lines. All data were taken on Sr2RuO4 cleaved at 10 K.

red lines in Fig. 3b. In addition, Fig. 3b shows some unex-
pected features: besides the diffuse intensity around the M
point due to the presence of the SS band, there are weak but
yet well defined profiles (marked in yellow). They can be
recognized as a replica of the primary FS, and are related
to the weak SB features detected in the EDC’s along the
high-symmetry lines (Figs. 1a and 1c). This result is rem-
iniscent of the situation found in Bi2Sr2CaCu2O8, where
similar shadow bands are possibly related to antiferromag-
netic correlations, or to the presence of two formula units
per unit cell [1]. On the other hand, in Sr2RuO4 the ori-
gin of the SB is different: inspection with LEED reveals
superlattice reflections corresponding to a

p
2 3

p
2 sur-

face reconstruction (see Fig. 3a), which is responsible for
the folding of the primary electronic structure with respect
to the !p , 0"-!0, p" direction. This reconstruction, which
was found on all of the Sr2RuO4 samples, is absent in the
cuprates. Quantitative LEED analysis of the surface shows
a 9± rotation of the RuO6 octahedra around the surface nor-
mal [12]. This leads to the 45± rotation of the in-plane unit
cell and to the enlargement of its dimensions by

p
2 3

p
2

over that of the bulk. The reconstruction, which reveals an
intrinsic instability of the cleaved surface, should be taken
into account as the origin of possible artifacts in all surface
sensitive measurements.

By inspecting the M point (Fig. 3b), it now be-
comes clear why the investigation of this k-space region
with ARPES has been so controversial: in addition to the
weakly dispersive SS feature (Figs. 1 and 2), there are sev-
eral sheets of FS (primary and “folded”). At this point, the
obvious question is, what is the nature of the SS feature?
It has been proposed that it could be a surface state [9],
and, in order to verify this hypothesis, we investigated
its sensitivity to surface degradation by cycling the
temperature between 10 and 200 K. We observed that
the SS peak is suppressed much faster than all other
features. Furthermore, by cleaving the crystals at 180 K
and immediately cooling to 10 K we suppressed the SS,
affecting the intensity of the other electronic states only
weakly. A more sizable effect is observed on the SB, con-
firming a certain degree of surface degradation. However,
this degradation was not too severe, as demonstrated by
the LEED pattern taken after the measurements which
still clearly shows the surface reconstruction (Fig. 4d).
M-region EDC’s, measured at 10 K (on a sample cleaved
at 180 K), and corresponding intensity plots I!k, v" are
shown in Figs. 4a and 4b. No signature of the SS is
detected, and the identification of the Fermi vectors of
a, b, and g pockets is now straightforward. Performing
a complete mapping on a sample cleaved at 180 K, we
obtained an extremely well-defined FS (Fig. 4c). With
the surface slightly degraded, we expect to see less of the
relative intensity coming from SB and SS (note that the
intensity scales in Figs. 3b and 4c, although not displayed,
are identical). At the same time, we might also expect
the primary FS to be less well defined, which is precisely
opposite to what is observed. The FS shown in Fig. 4c
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electron 
pocket

Two ways to change sgn(N):

1) flip chirality: p+ip -> p-ip 
2) electron-pocket -> hole 
pocket

p+ip pairing on both q1D Fermi surfaces: net skyrmion number = 0.   

No chiral edge modes (2 counter-propagating edge channels), no 
quantized thermal Hall effect.  (All of these are present for a p+ip 
superconductor on the 2D sheet).  

Can this naturally explain the absence of edge currents?  

N =
1
4π

�
d2kδ̂ ·

�
∂xδ̂ × ∂y δ̂

�



Edge currents and Chern invariants

Our original intuition: chern number = 0 on dxz,dyz bands.  
Therefore, Majorana edge modes can be localized, leading to 
small edge currents.  

However, this isn’t quite right.  Consider explicit example: 
electrons on a bipartite lattice.  

ci → cie
−iAr,i , Ar,i =

e

hc

� i

r

�A · d�l

H =
�

�i,j�

(c†i cj + c
†
jci)− µ

�

i

c
†
i ci +Hpair

Couple to gauge field:

Particle-hole transformation: cie
−iAr,i → (−1)ieiAr,i

Changes sign of Chern number, but the current operator is 
left invariant:  

Jij = −i(c†jci − c†i cj)



Reason for small edge currents

Fgrad = β1

�
|Dxψx|2 + |Dyψy|2

�

+β2

�
|Dyψx|2 + |Dxψy|2

�

+β3 [(Dxψx)
∗(Dyψy) + c.c.]

+β4 [(Dxψy)
∗(Dyψx) + c.c.]

β3,β4 ∝ �ψx(k̂F )ψy(k̂F )vF,xvF,y�F.S.

} Responsible for edge 
currents.  

These Fermi surface averages are order-1 for theories based on the 
circular dxy band, 

However, they are reduced by 2-3 orders of magnitude for the multi-
band theory discussed here.  

Currents are ∝ β3

and therefore substantially smaller for the multiband theory. 



Criticism of the weak-coupling theory

The     band is close to the van Hove filling.  It has enhanced 
ferromagnetic spin fluctuations, which are favorable for spin-
triplet pairing.  Our weak-coupling result seems contrary to this 
reasonable intuitive picture.   

γ

Consider a system with two pockets, with interactions peaked 
at large momentum transfer.  Gap function changes sign but 
can be either singlet or triplet depending on lattice geometry.  
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Phenomenological consequences

The multi-band p+ip state we found has an intrinsic Kerr effect (Observerd 
first by E. Taylor and C. Kallin, PRL 108, 157001 (2012) ).  

p+ip pairing on both q1D Fermi surfaces: 2 counter-propagating edge 
channels.  Majorana fermion modes are not topologically protected.  Their 
contribution to edge currents can vanish with disorder.  

The px, py components “live” on different orbitals and are weakly coupled.  
The Cooper pair “angular momentum” is substantially lower than in a 1 
band chiral superconductor - S. Lederer and SR, in preparation.  

The weak-coupling between the px, py components allow for low energy 
collective mode excitations: relative phase and spin-orientation modes.  
S.-B. Chung, SR, A. Kapitulnik, S. Kivelson, PRB 86, 064525 (2012).  



Summary 

1) Experiments do NOT point towards an unequivocal origin of 
the “active” band(s), where superconductivity originates in 
Sr2RuO4.  

2) Asymptotically exact weak-coupling calculations involving all 3 
bands point towards {      } as the “active” bands.  

3) The results obtained in the weak-coupling limit have some 
phenomenological consequences: 1) intrinsic Kerr response, 2) 
reduced edge currents, 3) low energy collective and quasiparticle 
excitations.  

4) The microscopic theory presented here unifies Sr2RuO4 with 
the cuprates, pnictides, and organic superconductors: all derive 
their pairing interaction mainly from large momentum particle-
hole fluctuations, in contrast to Helium-3.   

α,β


