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The exact nature of the unconventional superconductivity in Sr2RuO4 remains a mystery. At the phenomeno-
logical level, no superconducting order parameter proposed thus far seems able to coherently account for
all essential experimental signatures. Among the latter is the prominent polar Kerr effect, which implies a
nonzero ac anomalous Hall conductivity. Assuming the Kerr effect is intrinsic, it can be accounted for by a
bulk chiral Cooper pairing with nonzero orbital angular momentum, such as p + ip or d + id , which, however,
has difficulties in being reconciled with other experimental results. Given the situation, in this paper we propose
alternative possibilities with complex mixtures of distinct helical p-wave order parameters, namely A1u + iA2u

and B1u + iB2u in group theory nomenclature. These states essentially consist of two copies of chiral p-wave
pairings with opposite chirality and different pairing amplitudes, and therefore they support intrinsic Hall
and Kerr effects. We further show that these states exhibit salient features that may explain several other key
observations in this material, including the absence of spontaneous edge current, a substantial Knight shift drop,
and possibly signatures in uniaxial strain and ultrasound measurements.
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The nature of unconventional superconductivity in
Sr2RuO4 is a puzzle that remains unsolved [1–10]. Its normal
state properties have been characterized with unprecedented
accuracy—an incredible feat that is not often seen in other
unconventional superconductors. The electron correlation in
this material is moderate, and superconductivity emerges out
of a well-behaved Fermi liquid [3]. These have led to the
popular perception that identifying its pairing symmetry and
resolving its pairing mechanism should be well within the
reach of established theories and experimental techniques.
Yet, despite tremendous efforts over the past 20-plus years,
neither of these two key issues has been settled. This is largely
due to the lack of an order parameter that could coherently
interpret all the essential experimental observations [9,10].

Arguably, one principal property of the superconductivity
in Sr2RuO4 is the condensation of at least two superconduct-
ing order parameters. This has been inferred from a variety of
experiments, including μSR [11,12], optical polar Kerr effect
[13], Josephson interferometry [14], ultrasound [15,16], etc.
A multicomponent pairing is realized if the Cooper pairing
is developed in a multidimensional irreducible representation
(irrep) of the crystal point symmetry group. One notable ex-
ample is the chiral p-wave pairing, i.e., (kx + iky)ẑ, which
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belongs to the Eu irrep of the D4h group. Here, ẑ denotes the
orientation of the so-called d-vector, which describes the spin
configuration of a spin-triplet pairing [3]. Another possibility
is coexisting order parameters from distinct one-dimensional
irreps. In this scenario, the multiple components typically
condense below different critical temperatures except for ac-
cidental degeneracy.

In light of the evidence of time-reversal symmetry break-
ing from the μSR and the polar Kerr effect measurements
[11–13], the multiple components presumably form a com-
plex pairing, such that the state does not return to itself after a
time-reversal operation. The Kerr effect, as well as the closely
related anomalous Hall effect, intuitively implies an under-
lying pairing with finite orbital angular momentum (such as
p + ip, d + id , etc.), as has been substantiated by a recent
study [17]. Hence, if the Kerr effect in Sr2RuO4 is intrinsic
(i.e., not related to extrinsic effects such as impurities or lattice
dislocations), its superconducting symmetry is limited to a
few candidates. However, as it currently stands, none of the
chiral superconducting states appears able to reconcile all of
the key observations [17]. For example, although px + ipy or
dxz + idyz pairing can naturally explain the Kerr effect, the
former is strongly disfavored by the recent NMR measure-
ments[18,19], and both generally exhibit finite spontaneous
surface current that is not detected [20,21].

In this work, we turn to the helical p-wave pairings (A1u,
A2u, B1u, and B2u irreps), which are analogs of the 3He
B-phase [22]. The four pairings individually preserve time-
reversal symmetry, as each effectively consists of a pair of
sub-Hilbert space characterized, respectively, by kx + iky and
kx − iky pairings with identical gap amplitude. However, an
appropriate complex mixture of them could tune the gap
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FIG. 1. Illustration of the Cooper pairing in the mixed helical p-
wave A1u + iA2u state in a single-orbital model. The state consists of
two copies of the chiral p-wave model with opposite chirality. The
Cooper pairs are drawn with different sizes to reflect their different
pairing amplitudes. Green arrows indicate the direction of the Cooper
pair orbital angular momentum Lz. Another candidate state B1u +
iB2u has a similar pairing configuration.

amplitude ratio between kx + iky and kx − iky away from unity
(see Fig. 1); the resultant “asymmetric” state then has a net
chirality and supports an intrinsic Kerr effect. Among all
possible two-component order-parameter combinations of the
four helical pairings, we identify two that meet our require-
ment: A1u + iA2u and B1u + iB2u.

The idea is most transparent when presented in a single-
orbital model. Take A1u + iA2u as an example: in terms of
the d-vector, the pairing functions of A1u and A2u are given,
respectively, by kxx̂ + kyŷ and kxŷ − kyx̂. The full gap function
then becomes

dk = �A1u (kxx̂ + kyŷ) + i�A2u (kxŷ − kyx̂), (1)

where �A1(2)u are real gap amplitudes. dk is nonunitary since
d∗

k × dk �= 0 [22], implying unequal pairing gap amplitudes
for the two spin species: �↑↑(k) = −(�A1u − �A2u )(kx − iky)
for spin-up and �↓↓(k) = (�A1u + �A2u )(kx + iky) for spin-
down (Fig. 1). If �A1u = �A2u , the state resembles the 3He A1-
phase, which has one spin component unpaired [22]. More
generally, both spin species are paired and they carry opposite
orbital chiralities, i.e., opposite Lz. Such a state is odd-parity
by nature [23], and it exhibits other salient features potentially
consistent with the absence of spontaneous current signature
[20,21] and the substantial Knight shift drop [18,19], as we
shall see later. Since the B1u + iB2u state essentially shares the
same general features, we will not present further analyses
about it in the remainder of the paper.

At this point, it is worth pointing out that multiple micro-
scopic calculations [24–30] have found that helical pairing
states are favored in certain reasonable interaction parameter
space. More interestingly, in some cases the splitting among
various helical states could be rather small [30], making it
reasonable to consider accidentally degenerate pairing. Here,
we make no attempt to delve into the pairing mechanism

or how the pairing is distributed among different orbitals in
Sr2RuO4. Instead, we will focus on the general phenomena
that do not rely on microscopic details. Apart from some occa-
sional general discussions, our analyses will be largely based
on a concrete two-orbital model containing the Ru dxz and dyz

orbitals. As far as the physical properties to be discussed are
concerned, we expect the same qualitative features for more
general multiorbital models of Sr2RuO4. For simplicity, we
assume the simple pairing functions for the various odd-parity
(p-wave) superconducting channels as given in Table I.

I. ac ANOMALOUS HALL EFFECT AND KERR ROTATION

Since our proposed state is essentially composed of a pair
of (spinless) chiral p-wave models with opposite chirality
and inequivalent gap amplitudes, we expect it to support the
anomalous Hall effect. Notably, while the intrinsic anoma-
lous Hall effect is generally absent in single-orbital chiral
superconducting models [31–34], Sr2RuO4 has an inherent
multiorbital character.

Below we demonstrate the intrinsic ac anomalous Hall ef-
fect and Kerr rotation for the A1u + iA2u state, using the same
two-orbital model as in Ref. [32]. Without qualitative impacts
on our results, we neglect spin-orbital coupling (SOC) in this
section for simplicity. Then the spin-up and -down blocks
decouple, and their contributions to the two-dimensional Hall
conductivity σH can be computed separately. Here, we briefly
describe the spin-up block of the model. Written in the basis
(cdxz,↑(k), cdyz,↑(k)), where cdxz,↑ and cdyz,↑ are annihilation
operators for the dxz and dyz orbitals of Sr2RuO4, the normal
state Hamiltonian reads

HN(k) =
(

ξxz(k) λ(k)
λ(k) ξyz(k)

)
, (2)

where ξxz(k) = −2t cos kx − 2t̃ cos(ky) − μ, ξyz(k) =
−2t̃ cos kx − 2t cos(ky) − μ, and λ(k) = 4t ′ sin kx sin ky. Here
t labels the nearest-neighbor hopping integral of the dxz(yz)

orbital along the x(y) direction, t̃ is that of the dxz(yz) orbital
along the y(x) direction, and t ′ denotes the hybridization of
the two orbitals between next-nearest-neighboring sites. The
corresponding BdG Hamiltonian follows as

H↑
BdG(k) =

(
HN(k) �̂↑↑(k)

[�̂↑↑]†(k) −HT
N (−k)

)
, (3)

where, following Table I,

�̂↑↑(k) = −(�A1u − �A2u )

(
sin kx 0

0 −i sin ky

)
. (4)

TABLE I. Representative simple odd-parity pairing gap functions (d-vectors) for the two-orbital model containing the Ru dxz and dyz

orbitals.

irrep dxz dyz

A1u sin kxx̂ sin kyŷ
A2u sin kxŷ − sin kyx̂
B1u sin kxx̂ − sin kyŷ
B2u sin kxŷ sin kyx̂
Eu sin kxẑ sin kyẑ
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FIG. 2. Real (blue solid line) and imaginary (red dashed line)
parts of the σH(ω) as a function of ω for T = 0. Band parameters
are [32] t = μ = 0.4 eV, t ′ = 0.05t and t̃ = 0.1t . �A1u = 2�A2u =
2
3 �max, with �max = |�A1u | + |�A2u | = 0.23 meV [32]. We choose
|�A1u | �= |�A2u | so that the gap magnitudes are nonzero for both spin
up and down; otherwise, one spin component would remain normal
at zero temperature, which is not observed.

Using H↑
BdG, we calculate σ

↑
H (ω) from the standard Kubo

formula (without vertex corrections). Details of the calcula-
tion can be found in the Supplemental Material [35]. The
same calculation is done for σ

↓
H, and the numerical result of

the total σH for temperature T = 0 is presented in Fig. 2. Not
surprisingly, σH is nonzero; both its real and imaginary parts
have a similar frequency dependence to those obtained for a
chiral p-wave pairing [32]. The overall magnitude of σH is
reduced by a factor of 2 compared to that in Ref. [32], because
in the current scenario σ

↑
H and σ

↓
H partially cancel each other

due to the opposite chirality of �̂↑↑ and �̂↓↓, which dictates
the signs of σ

↑
H and σ

↓
H, respectively. On the other hand, such

a cancellation is absent in the chiral p-wave pairing case.
We note that Im[σH(ω)] becomes nonzero at ω � 0.4 eV

for the chosen band parameters. This frequency is determined
by the minimum energy cost to create a pair of Bogoliubov
quasiparticles from different bands, which is not determined
by 2|�↑↑| or 2|�↓↓| but by the hopping parameter t ′ [32].
Therefore, even though |�↑↑| and |�↓↓| can be quite differ-
ent, the onset frequencies of Im[σ ↑

H] and Im[σ ↓
H] are actually

almost identical.
From the calculated σH, one can estimate the Kerr rotation

angle using

θK(ω) = 4π

ωd
Im[

σH(ω)

n(n2 − 1)
], (5)

where n = n(ω) is the complex index of refraction, and d is
the interlayer spacing of Sr2RuO4 along the c-axis. n(ω) can
be estimated from the longitudinal optical conductivity, which
is modeled by a Drude model as in Ref. [32]. For details, see
Ref. [35]. The estimated θK(h̄ω = 0.8 eV) ≈ 20 nrad [35],
which may potentially account for the experimental value of
65 nrad observed by Xia et al. [13], given the uncertainty
in our estimate of n(ω) as well as the neglect of the γ band
in the current calculation. We note that σH, and therefore
the estimated Kerr angle θK, does depend on the actual ratio
between |�A1u | and |�A2u |. However, the dependence is quite
weak as long as the two are comparable [35].

FIG. 3. Distribution of zero-temperature spontaneous edge cur-
rent in our two-orbital model with a mixed helical p-wave A1u + iA2u

pairing. The A1u component is held fixed at �A1u = 0.05t . Inset: a
comparison of the spontaneous current of the mixed helical and chiral
p-wave pairing states with similar gap amplitudes. These calculations
follow those in Refs. [39–41], and the lattice constant is defined to
be unity.

II. SPONTANEOUS CURRENT

A chiral p-wave state shall generate finite spontaneous sur-
face current [36,37]. Following the original proposal of chiral
p-wave pairing in Sr2RuO4, attempts to detect signatures of
such a current have had little success, suggesting that the
spontaneous current is either simply absent or too tiny to be
resolved in actual measurements [20,21].

The A1u + iA2u state has just the right appeal for explaining
this, which is already obvious in the single-orbital case. Here,
the two spin species each generates an edge current, and
these currents flow in opposite direction due to the opposite
chirality. Moreover, the integrated current in fact vanishes in
the BCS limit. However, thanks to the distinct decay length
scales of the two contributions, the current distribution does
not exactly cancel at each spatial point.

Going beyond single-orbital model, the integrated current
may not vanish due to SOC and other band structure effects.
However, the strong suppression persists, as is demonstrated
in Fig. 3 for our two-orbital model. Neglecting the fast
Friedel oscillations, the spontaneous current generally con-
tains two canceling contributions characterized by different
decay length scales. For the calculations shown in the figure,
the net current in the mixed helical state is typically more than
20 times smaller than that in a chiral p-wave state with similar
gap magnitudes (see the inset of Fig. 3).

It should be stressed that such suppression is inherent, as it
is achieved without appealing to surface disorder, anisotropic
band and gap structure — factors typically having the poten-
tial to further reduce the spontaneous current, as is known for
the case of chiral p-wave [38–44]. In fact, this behavior is
also expected from the Ginzburg-Landau theory, at the lowest
order of which the spontaneous current is related to cross-
gradient bilinears of the involving order parameters, such as
∂x�

∗
A1u

∂y�A2u [43,45]. In the present case, this lowest order
contribution vanishes by symmetry [35], and higher order
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FIG. 4. Temperature dependence of the spin susceptibility in the
A1u + iA2u (solid curves) and B1g (dashed curves) superconducting
states, in the presence of a small Zeeman field in the x-direction.
Here, η denotes the strength of SOC.

terms such as ∂3
x �∗

A1u
∂y�A2u are needed to account for the

small local current distribution. By the same token, similar
physics applies to the chiral dx2−y2 + idxy pairing [46]. In pass-
ing, we note that for the dx2−y2 + igxy(x2−y2 ) pairing [47] the
spontaneous current is in general finite at the (100) surfaces
and vanishes at the (110) surface, analogous to the situation in
s + idxy pairing [37].

Finally, the suppression in the A1u + iA2u phase is also
independent of the edge orientation, and the same phe-
nomenology takes place at the domain walls separating
regions of time-reversed pairings.

III. SPIN SUSCEPTIBILITY AND KNIGHT SHIFT

Recent revised NMR measurements under external in-
plane magnetic field reveal a substantial Knight shift drop
below Tc [18,19]. This implies a drop of spin susceptibility,
χspin, which was subsequently confirmed by a polarized neu-
tron scattering study [48]. A later NMR study further places
an upper bound of 10% of the normal state susceptibility at the
lowest measured temperatures [49]. These reports can be most
straightforwardly explained in terms of spin-singlet pairing.
However, as the observed Knight shift contains contributions
from both spin and orbital degrees of freedom, the exact
fraction of the spin susceptibility drop in the zero field limit
may deserve a more careful inquiry [10]. As we argue below,
our proposed states may still have the potential to reconcile
with the susceptibility drop.

Owing to the in-plane d-vector orientation, the mixed heli-
cal states naturally exhibit a reduced χspin across Tc under the
in-plane field. In fact, in the absence of SOC, χspin at T = 0
equals half of its normal state value. This is demonstrated in
Fig. 4, which shows the temperature-dependent susceptibil-
ity in the presence of a weak Zeeman field directed along
the x-direction. For comparison, we also show results for a
spin-singlet d-wave state (a pairing in the B1g irrep). In the cal-
culations, we have assumed that the two helical pairings onset
at the same critical temperature, and that their temperature
dependence follows the standard BCS mean-field behavior.

The SOC may facilitate extra spin-flipping processes that
could have otherwise been suppressed by Cooper pairing,
thereby alleviating the drop of χspin. This is exemplified by
the noticeable increase of χspin(T = 0) with enhanced SOC
(Fig. 4). Notably, even a pure spin-singlet pairing may develop
a residual χspin(T = 0) [27,29]. For the two-orbital model
in question, this can be explained in the following terms.
Here, SOC takes the form of ηL̂zŝz where L̂z operates on the
orbital degrees of freedom and ŝz is the spin Pauli matrix. To
be specific, L̂z = −iεi j [30] with εi j the fully antisymmetric
tensor and {i, j} = {1, 2} representing the {dxz, dyz} orbitals in
Eq. (2). The SOC term flips the in-plane spin components but
not the ones along z. As a consequence, upon turning on a fi-
nite η, the z-component of the spin susceptibility χ zz

spin remains
fully suppressed at T = 0 (not shown in Fig. 4), whereas the x-
component, χ xx

spin, acquires a residual value. We expect such an
enhancement of χspin(T = 0) due to SOC to persist in a more
general multi-orbital model of Sr2RuO4 [50–52]. Finally, it is
worth remarking that, the natural mixing of (real)-spin triplet
and singlet pairings in the presence of SOC [50,53], which is
not considered here, may also introduce corrections to the spin
susceptibility.

Note that our calculations were done in the noninteracting
limit. Correlations renormalize the normal and supercon-
ducting state χspin in different manners, reducing the ratio
χspin(T = 0)/χspin(T = Tc) from its non-interacting value
[54]. Based on an estimate of the Wilson ratio of 2 [19,55]
and using the data for η = 0.1t in Fig. 4, we obtain χspin(T =
0)/χspin(T = Tc) ≈ 35% for the A1u + iA2u state. This is a
substantial overall suppression, although, at face value, still
noticeably higher than the upper bound of 10% suggested by
the most recent NMR measurement [49]. However, our crude
approximation could be insufficient for a quantitative com-
parison, and a calculation based on a more realistic correlated
multiorbital model may be needed. Furthermore, the potential
complications in disentangling the orbital and spin contribu-
tions to the Knight shift [10,56] could affect the experimental
interpretations.

IV. STRAIN AND ULTRASOUND

Uniaxial strain and ultrasound measurements reveal crucial
information about the symmetry of the superconducting order
[15,16,57]. Most informative among the existing experiments
are the ones that probe the coupling between the order param-
eters and the B1g (εx2−y2 ) and B2g (εxy) strains. For our mixed
helical state, the leading-order coupling has the following
form in the Ginzburg-Landau free energy:

fcoupling =
∑

i

ε2
i (αi|�A1u |2 + βi|�A2u |2), (6)

where i = x2 − y2, xy for the B1g and B2g strains, respectively,
and αi(βi ) are coupling constants. No other order parameter
bilinears are present. This free energy has two implications.
On the one hand, the mean-field critical temperatures of the
two components shall both follow a quadratic dependence on
the strain. This seems to agree with the observed behavior in
several uniaxial strain measurements [58,59]. We do note that
there is no solid evidence of the expected split of transitions
in thermodynamic measurements [60,61], although this could
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be explained away by arguments unrelated to symmetry [62].
On the other hand, the absence of a linear coupling to εi

in Eq. (6) disallows any discontinuity in the shear elastic
moduli (c11 − c12)/2 or c66. This stands in contrast with recent
reports, where a jump in the latter has been observed [15,16].
Interestingly, a linear coupling to the B2g strain (associated
with c66) is possible for mixed A1u and B2u, as well as mixed
A2u and B1u states [30]. This suggests a way to reconcile our
proposed order with the ultrasound experiments: the breaking
of crystalline rotational symmetry around lattice dislocations
can allow the B1u and/or B2u order parameters to locally
condense against the backdrop of a bulk A1u + iA2u order,
leading to a local mixture of A1u with B2u (and/or A2u with
B1u) that couples linearly to the B2g strain.

V. CONCLUDING REMARKS

Under the assumption that the observed polar Kerr effect
is a genuine response of superconducting Sr2RuO4 in the
clean limit, we proposed that the mixed helical p-wave states,
A1u + iA2u and B1u + iB2u, represent faithful alternative can-
didates to chiral superconducting states. We also discussed
how these states may be compatible with several other key
measurements. Interestingly, a recent study [63] shows that a
helical state may also explain the Pauli limiting behavior of
the in-plane Hc2 and the first-order phase transition observed
in the H-T phase diagram at low T and at H near Hc2 [64,65].
Nevertheless, a full reconciliation with other important ob-
servations may require further examination. For example, the
presence of gapless excitations [66–70] would place a strong
constraint on the detailed forms of the p-wave pairings. To this
end, we take note of the multitude of possibilities made avail-
able by the multiorbital nature of this material [50–52,71–79].

Due to their nonunitary nature, our proposed states are
also expected to exhibit finite spin polarization in the bulk,
which scales as (�/EF )2. The resultant spontaneous bulk
magnetization may be probed in SQUID measurements. One
such attempt was said to be impeded by the Meissner effect
[80], while the existing scanning SQUID [20,21] techniques
may need improved precision to resolve the resultant weak
magnetization on the sample surface.

As a final remark, the B1g + iB2g state (chiral dx2−y2 + idxy

pairing) also carries the essential features needed to explain
the various observations discussed in this work. Alternatively,
in a spirit similar to that proposed in Ref. [81], one can con-
sider that one component of the B1g + iB2g state is favored in
the clean limit, while the other component condenses around
lattice dislocations.

Note added. After posting our manuscript on arXiv, we
were informed of another work [82], which discusses the
spontaneous magnetization of the A1 + iA2 and B1 + iB2 su-
perconducting states in a noncentrosymmetric system with
C4v point group symmetry.
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