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The internal structure of the superconducting state in Sr2RuO4 remains elusive at present, and exhibits
evidence for time-reversal symmetry breaking. Recent muon spin relaxation measurements under uniaxial strain
have revealed an increasing splitting between the superconducting critical temperature Tc and the onset of
time-reversal symmetry breaking TTRSB with applied strain (Grinenko et al., arXiv:2001.08152). In addition,
static magnetic order is induced by the uniaxial strain beyond ∼1 GPa, indicating that unstrained Sr2RuO4 is
close to a magnetic quantum critical point. Here we perform a theoretical study of the magnetic susceptibility and
the associated pairing structure as a function of uniaxial strain. It is found that the recent muon relaxation data
can be qualitatively explained from the perspective of spin-fluctuation mediated pairing and the associated strain
dependence of accidentally degenerate pair states in unstrained Sr2RuO4. In addition, while unstrained Sr2RuO4

features mainly (2π/3, 2π/3) magnetic fluctuations, uniaxial strain promotes (π,±π/2) magnetic order.

DOI: 10.1103/PhysRevB.102.054506

I. INTRODUCTION

Strontium ruthenate, Sr2RuO4, has managed the remark-
able feat of remaining at the top of the superconductivity
interest charts for more than two decades, albeit sometimes
for the wrong reasons [1–5]. Until recently, the material was
a prime suspect in the search for topological chiral triplet
superconductivity. However, several new experimental results
have challenged this picture [6–9], and the hunt is on to find
a new consistent explanation for the panoply of observations
on this fascinating material. These developments have not
consigned Sr2RuO4 to the junk heap of “ordinary” unconven-
tional superconductors, but led to a discussion of new ways
that the system may be extraordinary, if not odd.

Prior to 2018–2019, the lack of an NMR Knight shift
suppression upon entering the superconducting state [10], in
conjunction with the evidence for time-reversal symmetry
breaking (TRSB) from μSR [11] and nonzero Kerr rotation
measurements [12], pointed to chiral p-wave spin triplet
superconductivity. However, there were several well-known
“flies in the ointment” in the form of experimental evi-
dence contradicting the p + ip-wave proposition. For exam-
ple, NMR Knight shift results revealing constant susceptibility
also in the case of out-of-plane magnetic fields [13], the lack
of chiral edge currents [14–16], the evidence for Pauli limiting
critical fields [17], Josephson effects pointing to time-reversal
symmetric superconductivity [18], all did not straightfor-
wardly support chiral p wave as the preferred superconducting
state in Sr2RuO4. In addition, several spectroscopic probes
detected clear evidence for nodes in the superconducting gap,
again not expected for a p + ip phase [19–21].

Recently, a reduction of the Knight shift for in-plane
magnetic fields was discovered in the superconducting state

of Sr2RuO4 [6,22], a crucial result that is in contrast to earlier
NMR investigations [10] due to control of sample heating
effects. This drop in the spin susceptibility below Tc is in stark
contrast to the Knight shift expected for the chiral sin kx +
i sin ky phase. This suggests the realization of either a helical
odd-parity or an even-parity condensate in this material. An
even-parity dx2−y2 gap is consistent with quasiparticle inter-
ference imaging [23], while an odd-parity gap has been found
in tunnel junction experiments [24]. However, both the helical
as well as a standard single-component even-parity nodal su-
perconducting order parameter is inconsistent with evidence
for TRSB and conclusions of recent ultrasound measure-
ments [7,8]. Both resonant ultrasound spectroscopy [7] and
ultrasound velocity measurements [8] observe a discontinuity
of the elastic constant c66 at Tc, implying a two-component
superconducting order parameter. With the odd-parity Eu

p-wave solution out of the running, attention has therefore
turned to the even-parity (two-dimensional) Eg representation
or suitable combinations of one-dimensional representations
[25–35]. The Eg state relies on interlayer pairing, a state
hard to reconcile with the known weak interlayer coupling
in Sr2RuO4. The latter possibility can be only relevant near
degeneracy points, i.e., near regions of parameter space where
two symmetry-distinct order parameters happen to be degen-
erate. An accidental two-component pairing state that seems
currently consistent with the bulk of the experimental data,
including the recent developments, is the d + ig state [28].

However, at present only insight from additional exper-
imental probes can help pinpoint the correct nature of the
pairing state in Sr2RuO4. In this respect, recent muon spin
relaxation (μSR) measurements under uniaxial strain are of
significant interest [9]. Earlier, strain measurements had re-
ported a notable absence of a cusp in Tc vs strain for both
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tensile and compressive strains, in disagreement with the
chiral p + ip-wave scenario [36,37]. More recently, mea-
surements focusing on larger strains and the onset of the
time-reversal symmetry-breaking μSR signal, have reported
a clear strain-induced splitting between the superconducting
Tc and the onset temperature of the time-reversal symmetry-
breaking phase TTRSB [9]. In such a situation, one would
expect a specific heat anomaly at the lower transition. Recent
measurements, however, have been unable to observe such a
signature, and set a constraint on the specific heat jump at
the second transition to be a few percent of that at Tc [38].
Finally, we note that uniaxial strain was shown to generate
static magnetic order beyond 1 GPa [9].

Here we focus on the evolution of the superconducting
pairing instability as a function of uniaxial strain. We follow
the theoretical approach of realistic spin-fluctuation-mediated
pairing, including all bands near the Fermi level and sizable
spin-orbit coupling (SOC) present in Sr2RuO4. This approach
is known to mainly favor even-parity pair states (but also
allows for odd-parity helical solutions) for interaction pa-
rameters consistent with constraints from neutron scattering
experiments [39,40]. Importantly, it results in a near degen-
eracy of symmetry-distinct pair states [41,42]. This tendency
for near degeneracy is very distinct from, for example, opti-
mally doped iron-based systems and cuprates, favoring gen-
erally s+− and dx2−y2 , respectively [43–46]. Thus, Sr2RuO4

is special in the sense that its Fermi surface features at least
three competing nesting vectors that each prefer different
superconducting pairing structures. Therefore the system is
pair frustrated with symmetry-distinct solutions lying close
by in energy [41,42]. From this perspective, the accidental
degeneracy scenario is particularly appealing. We show that
uniaxial strain provides a way to relieve the pairing frustration
such that one pairing symmetry becomes favorable and splits
off from the remaining superconducting symmetry channels.

II. MODEL AND METHOD

From angular resolved photoemission spectroscopy
(ARPES) experiments [47–50] the normal state Fermi
surface of Sr2RuO4 constructed from the three Ru orbitals
dxz, dyz and dxy is very well established. In addition, the
presence of a substantial SOC has been demonstrated.
In this work, SOC is parametrized by HSOC = λSOCL · S.
Since time-reversal symmetry is preserved in the normal
state, all energies are doubly degenerate and we can write
the noninteracting Hamiltonian in block-diagonal form
Ĥ = ∑

k,σ �†(k, σ )(H0 + HSOC)�(k, σ ), where each block
is labeled by a pseudospin index σ = + (−) and describes
one member of the Kramer’s doublet. The matrices H0 and
HSOC are given by

H0 =
⎛
⎝ξxz(k) g(k) 0

g(k) ξyz(k) 0
0 0 ξxy(k)

⎞
⎠, (1)

HSOC = 1

2

⎛
⎝ 0 −iσλSOC iλSOC

iσλSOC 0 −σλSOC

−iλSOC −σλSOC 0

⎞
⎠, (2)

FIG. 1. (a) Sketch of applied strain −p = dt
t (the minus sign

indicates compression) as modeled by changes in the hopping con-
stants along (100) by t + dt and along (010) by t − vdt , where v

is the in-plane Poisson ratio. (b) The Fermi surface depicted in the
extended zone scheme for p = −9%. The common nomenclature of
the Fermi pockets α, β, and γ is indicated. The nesting vector Q3 �
(π, π/2) is indicated by three black arrows. Colors in (b) indicate
majority orbital character, pink (xz), yellow (yz), and blue (xy).

within the basis �(k,+) = [cxz↑(k), cyz,↑(k), cxy,↓(k)], and
�(k,−) = [cxz,↓(k), cyz,↓(k), cxy,↑(k)]. Here cμ,s(k)/c†

μ,s(k)
are electronic annihilation/creation operators of orbital
character μ and spin s. The pseudospin is σ =
+(−) for the up (down) block Hamiltonian stated in Eq. (2).
The electronic dispersions are given by ξxz(k) = −2t1 cos kx−
2t2 cos ky−μ, ξyz(k) = −2t2 cos kx − 2t1 cos ky − μ, ξxy(k) =
−2t3(cos kx + cos ky) − 4t4 cos kx cos ky − 2t5(cos 2kx +
cos 2ky) − μ, with the hopping constants {t1, t2, t3, t4, t5} =
{88, 9, 80, 40, 5} meV [50,51]. Orbital hybridization between
xz and yz is parametrized by t ′ in g(k) = −4t ′ sin(kx ) sin(ky)
which is set to t ′ = 4.4 meV (= 0.05t1) [35]. Spin-orbit
coupling is set to λSOC = 35 meV and a lower value
of 10 meV for comparison. Note that due to the use of
renormalized hopping constants, λSOC = 35 meV corresponds
to 0.4t1. Our approach to superconducting pairing, presented
below, is sensitive to the Fermi surface states and thus
requires effective hopping and interaction parameters for
which the Fermi surface and Fermi velocities are well
reproduced including the band splitting by SOC as well
as the orbital mixture in the Fermi surface regions close
to the zone diagonals. Furthermore, we focus here on
parameters giving an accurate description of the inelastic
neutron scattering anisotropy observed in the unstrained case
[39,40]. Strong coupling effects of the Hund’s metal far
from the Fermi surface are not included in our framework,
[47,52–56] but are expected to leave the qualitative results
of the spin-fluctuation mediated pairing unchanged. We do
emphasize the importance of a sizable Hund’s coupling which
has been estimated to J/U � 0.1, see, e.g., Refs. [52,57].
The model is restricted to two dimensions and we quantify
compressive in-plane strain by a percent-wise change in the
hopping parameters as sketched in Fig. 1(a). Along the (100)
direction, the hopping parameters undergo a relative increase
of dt

t = −p > 0, which in the following is used to quantify
the strain. Along the (010) direction a relative decrease of vp
is implemented. Here v = 0.51 refers to the low-temperature
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in-plane Poisson ratio recently reported by Barber et al. [58].
The average charge density is kept constant at four electrons
at all strains by adjusting the chemical potential μ. In this
model, the Lifshitz transition occurs at a relative change in
hopping amplitude of approximately 10% along (100) for a
SOC of 35 meV. This is in rough agreement with the findings
in Ref. [59] and corresponds to a physical compressive strain
of roughly 0.6% [36,59,60].

We investigate the influence of strain on spin-fluctuation
mediated superconductivity. The effective electron-electron
interaction in the Cooper channel from the multiorbital Hub-
bard Hamiltonian due to spin fluctuations was derived in
Ref. [41]. It includes intra- and interorbital Coulomb inter-
actions and Hund’s coupling terms and effective interactions
mediated by spin fluctuations in the multiorbital random-
phase approximation

Ĥint = 1

2

∑
k,k′{μ̃}

[V (k, k′)]μ̃1,μ̃2
μ̃3,μ̃4

c†
kμ̃1

c†
−kμ̃3

c−k′μ̃2 ck′μ̃4 , (3)

with the pairing interaction given by

[V (k, k′)]μ̃1,μ̃2
μ̃3,μ̃4

= [U ]μ̃1,μ̃2
μ̃3,μ̃4

+
[
U

1

1 − χ0U
χ0U

]μ̃1μ̃2

μ̃3μ̃4

(k + k′)

−
[
U

1

1 − χ0U
χ0U

]μ̃1μ̃4

μ̃3μ̃2

(k − k′). (4)

The label μ̃ = (μ, s) is a joint index for orbital and electronic
spin, and contributions from bubble and ladder diagrams are
accounted for. In Eq. (4), χ0 refers to the real part of the
generalized susceptibility

[χ0]μ̃1,μ̃2
μ̃3,μ̃4

(q, iωn)

= 1

N

∫ β

0
dτeiωnτ

∑
k,k′

〈Tτ c†
k−qμ1s1

(τ )ckμ2s2 (τ )c†
k′+qμ3s3

ck′μ4s4〉0,

(5)

where β = 1
kBT denotes the inverse temperature. The gener-

alized susceptibility is evaluated at zero energy and includes
the effects of SOC and strain. The effective pairing in the
random-phase approximation (RPA) as given in Eq. (4) works
remarkably well for the one-band Hubbard model close to
a magnetic instability when compared to more advanced
numerical methods at stronger coupling strengths [46]. In
Sr2RuO4, the proximity to one or more magnetic instabilities
makes it reasonable to expect that the RPA provides a suitable
framework for calculation of the superconducting instability
in this system.

Leading and subleading superconducting instabilities at the
Fermi surface are determined by a projection of the interaction
Hamiltonian Eq. (3) to band and pseudospin space, followed
by solving the (linearized) BCS gap equation

−
∫

FS
dk′

f

1

v(k′
f )

l,l ′ (k f , k′
f )�l ′ (k′

f ) = λ�l (k f ) (6)

for the eigenvalue λ and the gap function �l (k f ) at wave
vectors k f on the Fermi surface. The Fermi surface is dis-
cretized by approximately 1000 wave vectors and v(k f ) is
the Fermi speed. The pairing kernel in band space is given

FIG. 2. (a) Density of states at the Fermi level for the three
orbitals xy, yz, xz as a function of strain parameter p. Fermi surfaces
below (p = −9%) and above (p = −12%) the Lifshitz transition
are depicted by insets, with the dominating orbital character at the
Fermi surface indicated by colors. (b)–(d) Real part of the spin
susceptibility χzz(q, 0) for strain parameter (b) p = −12%, (c) p =
−6%, and (d) p = −0.1% for the intermediate coupling parameters
U = 140 meV and J/U = 0.16. Note the difference in color scale
for (b).

by l,l ′ (k f , k′
f ), with the spin information carried by the

subscripts l, l ′ = 0, x, y, z which refers to the d(k) vector
[61] in pseudospin space. For further details we refer to
Ref. [41]. As a consequence of Pauli’s exclusion principle,
pseudospin singlet states (l = 0) are even in parity, while
pseudospin triplet solutions (l = x, y, z) are odd-parity states.
Characterization in terms of irreducible representations of the
D4h group breaks down as a result of lowering of the point
group symmetry to D2h because of the applied strain, see
also Fig. 3(b). Even-parity solutions are characterized by A1g

(B1g) of D2h for solutions without (with) nodes along the axes
kx = 0 and ky = 0. For simplicity we denote all odd-parity
solutions by Bu. This encompasses solutions of the form
kyx̂ + kxŷ, kxx̂ + kyŷ, and kyẑ with a complicated momentum
structure with formation of higher order nodes. In the D2h

point group there are no symmetry-protected two-component
solutions, thus the occurrence of degenerate solutions arises
only accidentally. When referring to an irreducible represen-
tation of the D4h group, we will use the notation s′ (A1g in D4h),
g (A2g in D4h), dx2−y2 (B1g in D4h), dxy (B2g in D4h), and helical
for one-component odd-parity solutions of D4h and chiral for
the two-component Eu solution in D4h. The labels A1g, B1g,
and Bu henceforth refer to an irreducible representation of the
D2h group.
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FIG. 3. (a) and (b) Leading eigenvalues of the linearized gap equation as a function of strain parameter p for (a) λSOC = 10 meV, U =
100 meV, and J/U = 0.2 and (b) λSOC = 35 meV, U = 140 meV, and J/U = 0.16. The two leading solutions of A1g are shown by dark and
light blue, B1g in orange, and the leading odd parity channel is shown in red. The connection to the irreducible representation of the D4h group
is shown in the table to the right of (b). Other subleading solutions are not shown. The blue background color displays the DOS at the Fermi
level of all three orbitals (arbitrary scale). The inset of (a) displays the phase diagram as a function of J/U and SOC in zero strain (with t ′ = 0)
reproduced from Ref. [41]. The two white dots indicate the (unstrained) starting point of the strain calculation in (a) and (b). (c)–(f) The gap
solutions at the Fermi level at strain parameter p = −6% for λSOC = 35 meV, indicated by the dashed line in (b).

III. RESULTS

First, we address the effect of strain on the normal state.
The change in the density of states at the Fermi level (DOS)
as a function of strain parameter p is shown in Fig. 2(a).
For a band with λSOC = 35 meV, the γ pocket touches the
van Hove points at (0,±π ) at the strain corresponding to
pc = −10.5%. At this strain parameter value, the DOS of
the xy orbital peaks and the normal state Fermi surface
undergoes a Lifshitz transition, where the γ pocket splits
at the van Hove points. This is illustrated in the insets of
Fig. 2(a) and is in agreement with recent ARPES measure-
ments [59] as well as ab initio calculations [36,58,62]. In
Fig. 1(b) the Fermi nesting vector Q3 = (π, π/2) is indicated
[41,51]. In unstrained samples, this nesting is only subdom-
inant to the main peak at Q1 = (2π/3, 2π/3), but time-of-
flight neutron scattering has observed magnetic structures at
Q3 [63]. Here we argue that the effect of tuning the γ band
through van Hove points causes the Q3 peak to dominate
the spin-fluctuation spectrum, see Fig. 2. This occurs be-
cause Fermi surface nesting builds up as a consequence of
the deformation of the γ pocket and becomes the dominant
contribution in the spin response, as shown in Figs. 2(b)–
2(d) for the out-of-plane (zz) spin component for increasing
strain. The SDW order associated with the Q3 � (±π,±π

2 )
ordering vector is approximately described by period two

along the (100) direction and period four along the (010)
direction.

The superconducting response to applied strain is shown in
Fig. 3 in the case of intermediate-coupling strengths of U and
J with the superconducting pairing given by spin fluctuations
as expressed in Eqs. (3) and (4). In Fig. 3 we display results
for two different values of λSOC of 10 and 35 meV, and
for simplicity plot only the leading solution in each channel
with the exception of the A1g channel, where the two leading
solutions are shown. In both the case of weak and strong SOC,
strain gives rise to a splitting between the single leading and
all the subleading superconducting instabilities. The leading
instability appears in the A1g channel. In the unstrained case,
this solution corresponds to the dx2−y2 state, which is nearly
degenerate with the nodal s′-wave solution [41], as displayed
in the inset of Fig. 3(a). The eigenvalue of this solution
increases upon applied strain; for λSOC = 10 meV the increase
is immediate, while for λSOC = 35 meV it occurs for strain
parameter values |p| > 2%.

By contrast, all the subleading superconducting solutions
are rather inert to strain, or pushed down for a large range
of applied strains. While the leading solution continues to
display A1g symmetry for all strains, the order of subleading
solutions may change as a function of strain. In fact, an overall
preference for odd-parity solutions upon strain occurs; the
second-leading solution is of Bu type in the case of strong
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SOC for |p| > 6%, see Fig. 3(b). For smaller values of SOC,
the odd-parity solutions remain in close competition with
other subleading solutions, as shown in Fig. 3(a). In particular,
the B1g solutions, which also have nodes along the zone axes,
appear close in energy to the odd-parity solution.

In Figs. 3(c) and 3(d) we show the two leading A1g solu-
tions in the case of λSOC = 35 meV and |p| = 6%. These gap
structures are connected to the dx2−y2 and nodal s′-wave solu-
tions of the unstrained system, respectively. The B1g solution
at |p| = 6% shown in Fig. 3(e) is an even-parity solution with
nodes along the zone axes, and resembles the g(x2−y2 )xy state
of the zero strain case. The ŷ component of the Bu leading
odd-parity solution is shown in Fig. 3(f). Surprisingly, we find
the largest gap magnitudes on Fermi surface segments along
the kx = 0 axis with no visible advantage of the large DOS
region close to (0,±π ). This is different in the weak-coupling
regime, as discussed below.

The recent experimental μSR results of Ref. [9] find a split-
ting between Tc and TTRSB upon strain. Our results of Fig. 3
provide a possible explanation for this experimental finding
due to the observed splitting between leading and subleading
superconducting instabilities as a function of applied strain.
The exact structure of the leading and subleading solutions,
as well as their quantitative splitting, depends on the band
structure, SOC, and U/J coupling strengths. However, a clear
property of the theory is the “splitting-off” of the leading in-
stability from all the subleading states which are less affected
by the strain. Therefore, we expect quite generally that Tc is
enhanced by strain while TTRSB remains rather unaffected by
the strain field. Within the current scenario, any TRSB signal
will mostly likely arise from pinned supercurrents near defects
and other lattice imperfections because the states considered
are not chiral.

Recently, a proposal of an accidental degeneracy between
dx2−y2 and g wave was presented [28] as a possibility to
reconcile a number of experimental observations in unstrained
Sr2RuO4, notably the c66 jump in the B2g shear modulus in
ultrasound [7,8] and the concurrent absence of a jump in
the B1g channel. In general, spin-fluctuation pairing based on
on-site interactions U and J find a g-wave solution which
is strongly suppressed compared to the other even-parity
solutions, see the orange curve of Figs. 3(a) and 3(b). While on
a square lattice with repulsive interactions it has been shown
that significant nearest-neighbor Coulomb interaction favors
g-wave pairing [64], it remains to be determined what micro-
scopic interactions can enhance this channel in this multiband
case. However, even in a case where g-wave pairing became
subleading (and nearly degenerate) to dx2−y2 wave in the
unstrained case, based on the strain dependence of the d- and
g-wave solutions from Fig. 3, we expect qualitatively similar
strain behavior with an enhanced leading d-wave solution, and
a roughly strain-independent subleading g-wave solution. Fi-
nally, it remains very interesting to determine experimentally
whether the tendency for strain-enhanced odd parity solutions,
resulting in, e.g., �0 + i(�xx̂ + �yŷ) superconductivity as in
Fig. 3, can be realized for sufficiently large strain.

The green region in Fig. 3(b) indicates the regime of
spin-density-wave (SDW) order. In our formalism, the onset
of a SDW instability is identified by a divergence of the
spin susceptibilities, which, for fixed interaction strength, is

triggered by the increase of applied strain. For the current
band structure and interaction strengths of Fig. 3(b), the SDW
instability occurs at |pSDW| > 15%. In Fig. 3(a) the interaction
strength U is lower and hence there is no signature of an
approaching SDW instability. A recent theoretical study of the
superconducting pairing within the one-band Hubbard model
found that the RPA formalism overestimates the instability
channels as one gets very close to the magnetic instability
[46]. Therefore, we focus the pairing calculations on strain
parameter values below |p| = 15%. A limitation of the current
approach close to the SDW instability is the absence of
competition between superconductivity and SDW order and
low-energy fluctuations [65]. In particular, since we do not
calculate the pairing solutions self-consistently, any feedback
effect of SDW is not taken into account. However, it is clear
that the onset of SDW order would decrease the DOS at
the Fermi level, and thereby suppress Cooper pairing. As
a consequence, we expect Tc to gradually decrease upon
entering the SDW phase, consistent with experiments [9]. As
mentioned above in the discussion of Figs. 2(b)–2(d), the
predicted structure of the SDW order is of the approximate
(±π,±π/2) form.

As evident from Fig. 3, there is no direct correlation
between the superconducting eigenvalues and the peak in the
DOS. This is a feature of the intermediate-coupling regime
owing to important changes in the spin-fluctuation spectrum
as a function of strain, as visualized by the z component
of the susceptibility in Figs. 2(b)–2(d). When changes in
the spin-fluctuation mediated pairing dominate the density of
states effect, the leading and subleading instabilities are split.
For completeness we note that starting from an odd-parity
helical gap solution in zero strain, i.e., the blue region of the
inset in Fig. 3(a), the A1g solution rapidly becomes leading
upon applied strain and splits off from the other solutions
similarly to the behavior shown in Fig. 3(b). In the case of
a dx2−y2 solution in the unstrained sample, only the leading
solution experiences more favorable pairing conditions under
strain; similarly, an enhanced splitting between leading and
subleading instabilities will occur under strain. Our findings
show that only one instability provides a favorable match to
the enhanced nesting structures. With the complicated orbital
and spin structure of the pairing kernel, Eq. (4), it is not
a priori obvious which of the solutions will be favored under
strain, but we find this behavior to be generic in the limit of
intermediate-coupling strengths.

This conclusion is different from the case of weak cou-
plings [36,62,66]. In Fig. 4 we display a typical example of
the superconducting response to applied strain in the limit of
weak interactions (U = 1 meV and J/U = 0.1). As seen, it is
dominated by the increase in the DOS at the Fermi level. The
A1g and Bu solutions increase initially, followed by a smaller
decrease above the Lifshitz transition point, whereas the B1g

solutions remain largely unaffected by strain. As in Fig. 3,
we plot only the leading solution in each channel with the
exception of the A1g channel, where the two leading solutions
are shown. In the vicinity of the Lifshitz transition, the three
leading solutions are in fact all odd-parity order parameters.
These are nearly degenerate and all take advantage of the
nesting vector Q3 = (π, π/2) depicted in Fig. 1(b). This can
be seen from Fig. 4(b), which depicts the leading solution
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FIG. 4. (a) Leading eigenvalues of the linearized gap equation as
a function of strain parameter p for λSOC = 35 meV in the weak-
coupling limit of U = 1 meV and J/U = 0.1. The two leading A1g

and the leading B1g and Bu solutions are shown. Other subleading
solutions are not shown. The blue background displays the total
DOS at the Fermi level (arbitrary scale). The inset displays the phase
diagram as a function of J/U and SOC in zero strain, reproduced
from Ref. [42]. The white dot marks the (unstrained) starting point
of the strain calculation. (b) and (c) Momentum dependence of the
leading odd- (Bu) and even-parity (A1g) solution at p = −9%.

in the ŷ channel. The Fermi surface regions with the largest
gap values match the regions connected by the nesting vec-
tor Q3. Since the nesting vector connects symmetry-related
momentum states on the same band, it does not promote

even-parity states. This is visualized by the subleading even-
parity A1g solution in Fig. 4(c) which has a more elaborate
nodal structure and does not provide an obvious match to the
Q3 = (π, π/2) nesting. Since the most prominent vector in
the strained case is Q3, it is reasonable that the odd-parity
solutions become favored in this limit. We conclude that in the
weak-coupling limit, the favorization of odd-parity solutions
is a result of the new prominent nesting in the strained case
and the signature of the DOS increase is visible in the su-
perconducting channel. This behavior agrees roughly with the
weak-coupling calculations in Ref. [36]. The simple picture
breaks down in the intermediate-coupling regime discussed
above, because of further orbital details in the pairing structure
which are not captured by an increase of spin fluctuations at
one single nesting vector.

IV. CONCLUSIONS

We have calculated the evolution of the hierarchy of super-
conducting solutions within spin-fluctuation mediated pairing
under uniaxial strain. In the intermediate-coupling regime, it
is found that the leading instability splits off from all the
subleading solutions as a function of strain, in qualitative
agreement with recent muon spin relaxation measurements.
This is in contrast to the weak-coupling regime where all pair-
ing solutions follow the density of states evolution with strain.
The proposed scenario for superconductivity in Sr2RuO4 re-
lies on the material being close to an accidental degeneracy
of pair states in the unstrained case, and naturally explains
the emergence of static magnetic order with sufficiently large
uniaxial strain.

ACKNOWLEDGMENTS

We acknowledge useful discussions with S. Mukherjee
and S. H. Simon. A.T.R. and B.M.A. acknowledge support
from the Carlsberg Foundation. P.J.H. was supported by
the U.S. Department of Energy under Grant No. DE-FG02-
05ER46236. The work of I.E. was carried out with support
from the Ministry of Science and Higher Education of the
Russian Federation in the framework of Increase Competitive-
ness Program of NUST MISiS Grant No. 2-2020-001.

[1] A. P. Mackenzie and Y. Maeno, The superconductivity of
Sr2RuO4 and the physics of spin-triplet pairing, Rev. Mod.
Phys. 75, 657 (2003).

[2] M. Sigrist, Review on the chiral p-wave phase of Sr2RuO4,
Prog. Theor. Phys. Suppl. 160, 1 (2005).

[3] Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K.
Ishida, Evaluation of spin-triplet superconductivity in Sr2RuO4,
J. Phys. Soc. Jpn. 81, 011009 (2012).

[4] C. Kallin, Chiral p-wave order in Sr2RuO4, Rep. Prog. Phys. 75,
042501 (2012).

[5] A. P. Mackenzie, T. Scaffidi, C. W. Hicks, and Y. Maeno,
Even odder after twenty-three years: The superconducting order
parameter puzzle of Sr2RuO4, npj Quantum Mater. 2, 40 (2017).

[6] A. Pustogow, Y. Luo, A. Chronister, Y.-S. Su, D. A. Sokolov,
F. Jerzembeck, A. P. Mackenzie, C. W. Hicks, N. Kikugawa,

S. Raghu, E. D. Bauer, and S. E. Brown, Constraints on the
superconducting order parameter in Sr2RuO4 from oxygen-17
nuclear magnetic resonance, Nature (London) 574, 72 (2019).

[7] S. Ghosh, A. Shekhter, F. Jerzembeck, N. Kikugawa, D. A.
Sokolov, M. Brando, A. P. Mackenzie, C. W. Hicks, and B. J.
Ramshaw, Thermodynamic evidence for a two-component su-
perconducting order parameter in Sr2RuO4, arXiv:2002.06130.

[8] S. Benhabib, C. Lupien, I. Paul, L. Berges, M. Dion, M.
Nardone, A. Zitouni, Z. Q. Mao, Y. Maeno, A. Georges, L.
Taillefer, and C. Proust, Jump in the c66 shear modulus at the
superconducting transition of Sr2RuO4: Evidence for a two-
component order parameter, arXiv:2002.05916.

[9] V. Grinenko, S. Ghosh, R. Sarkar, J.-C. Orain, A. Nikitin, M.
Elender, D. Das, Z. Guguchia, F. Brückner, M. E. Barber, J.
Park, N. Kikugawa, D. A. Sokolov, J. S. Bobowski, T. Miyoshi,

054506-6

https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1143/PTPS.160.1
https://doi.org/10.1143/JPSJ.81.011009
https://doi.org/10.1088/0034-4885/75/4/042501
https://doi.org/10.1038/s41535-017-0045-4
https://doi.org/10.1038/s41586-019-1596-2
http://arxiv.org/abs/arXiv:2002.06130
http://arxiv.org/abs/arXiv:2002.05916


THEORY OF STRAIN-INDUCED MAGNETIC ORDER AND … PHYSICAL REVIEW B 102, 054506 (2020)

Y. Maeno, A. P. Mackenzie, H. Luetkens, C. W. Hicks, and H.-
H. Klauss, Split superconducting and time-reversal symmetry-
breaking transitions, and magnetic order in Sr2RuO4 under
uniaxial stress, arXiv:2001.08152.

[10] K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, Z. Q. Mao, Y.
Mori, and Y. Maeno, Spin-triplet superconductivity in Sr2RuO4

identified by 17O knight shift probed by Ru NMR, Nature
(London) 396, 658 (1998).

[11] G. M. Luke, Y. Fudamoto, K. M. Kojima, M. I. Larkin, J.
Merrin, B. Nachumi, Y. J. Uemura, Y. Maeno, Z. Q. Mao, Y.
Mori, H. Nakamura, and M. Sigrist, Time-reversal symmetry-
breaking superconductivity in Sr2RuO4, Nature (London) 394,
558 (1998).

[12] A. Kapitulnik, J. Xia, E. Schemm, and A. Palevski, Polar Kerr
effect as probe for time-reversal symmetry breaking in uncon-
ventional superconductors, New J. Phys. 11, 055060 (2009).

[13] H. Murakawa, K. Ishida, K. Kitagawa, Z. Q. Mao, and Y.
Maeno, Measurement of the 101Ru-Knight Shift of Supercon-
ducting Sr2RuO4 in a Parallel Magnetic Field, Phys. Rev. Lett.
93, 167004 (2004).

[14] J. R. Kirtley, C. Kallin, C. W. Hicks, E.-A. Kim, Y. Liu, K. A.
Moler, Y. Maeno, and K. D. Nelson, Upper limit on spon-
taneous supercurrents in Sr2RuO4, Phys. Rev. B 76, 014526
(2007).

[15] C. W. Hicks, J. R. Kirtley, T. M. Lippman, N. C. Koshnick,
M. E. Huber, Y. Maeno, W. M. Yuhasz, M. B. Maple, and
K. A. Moler, Limits on superconductivity-related magnetization
in Sr2RuO4 and PrOs4Sb12 from scanning SQUID microscopy,
Phys. Rev. B 81, 214501 (2010).

[16] P. J. Curran, S. J. Bending, W. M. Desoky, A. S. Gibbs, S. L.
Lee, and A. P. Mackenzie, Search for spontaneous edge currents
and vortex imaging in Sr2RuO4 mesostructures, Phys. Rev. B
89, 144504 (2014).

[17] S. Yonezawa, T. Kajikawa, and Y. Maeno, First-Order Su-
perconducting Transition of Sr2RuO4, Phys. Rev. Lett. 110,
077003 (2013).

[18] S. Kashiwaya, K. Saitoh, H. Kashiwaya, M. Koyanagi, M. Sato,
K. Yada, Y. Tanaka, and Y. Maeno, Time-reversal invariant
superconductivity of Sr2RuO4 revealed by Josephson effects,
Phys. Rev. B 100, 094530 (2019).

[19] I. A. Firmo, S. Lederer, C. Lupien, A. P. Mackenzie, J. C. Davis,
and S. A. Kivelson, Evidence from tunneling spectroscopy for a
quasi-one-dimensional origin of superconductivity in Sr2RuO4,
Phys. Rev. B 88, 134521 (2013).

[20] E. Hassinger, P. Bourgeois-Hope, H. Taniguchi, S. René de
Cotret, G. Grissonnanche, M. S. Anwar, Y. Maeno, N. Doiron-
Leyraud, and L. Taillefer, Vertical Line Nodes in the Super-
conducting Gap Structure of Sr2RuO4, Phys. Rev. X 7, 011032
(2017).

[21] S. Kittaka, S. Nakamura, T. Sakakibara, N. Kikugawa, T.
Terashima, S. Uji, D. A. Sokolov, A. P. Mackenzie, K. Irie,
Y. Tsutsumi, K. Suzuki, and K. Machida, Searching for gap
zeros in Sr2RuO4 via field-angle-dependent specific-heat mea-
surement, J. Phys. Soc. Jpn. 87, 093703 (2018).

[22] K. Ishida, M. Manago, K. Kinjo, and Y. Maeno, Reduction of
the 17O Knight shift in the superconducting state and the heat-
up effect by NMR pulses on Sr2RuO4, J. Phys. Soc. Jpn. 89,
034712 (2020).

[23] R. Sharma, S. D. Edkins, Z. Wang, A. Kostin, C. Sow, Y.
Maeno, A. P. Mackenzie, J. C. S. Davis, and V. Madhavan,

Momentum-resolved superconducting energy gaps of Sr2RuO4

from quasiparticle interference imaging, Proc. Natl. Acad. Sci.
117, 5222 (2020).

[24] K. D. Nelson, Z. Q. Mao, Y. Maeno, and Y. Liu, Odd-parity
superconductivity in Sr2RuO4, Science 306, 1151 (2004).

[25] T. Scaffidi, J. C. Romers, and S. H. Simon, Pairing symmetry
and dominant band in Sr2RuO4, Phys. Rev. B 89, 220510(R)
(2014).

[26] H. S. Røising, T. Scaffidi, F. Flicker, G. F. Lange, and S. H.
Simon, Superconducting order of Sr2RuO4 from a three-
dimensional microscopic model, Phys. Rev. Res. 1, 033108
(2019).

[27] H. Gyeol Suh, H. Menke, P. M. R. Brydon, C. Timm, A.
Ramires, and D. F. Agterberg, Stabilizing even-parity chiral su-
perconductivity in Sr2RuO4, Phys. Rev. Research 2, 032023(R)
(2020).

[28] S. A. Kivelson, A. C. Yuan, B. J. Ramshaw, and R. Thomale, A
proposal for reconciling diverse experiments on the supercon-
ducting state in Sr2RuO4, npj Quant. Mater. 5, 43 (2020).

[29] O. Gingras, R. Nourafkan, A.-M. S. Tremblay, and M. Côté,
Superconducting Symmetries of Sr2RuO4 from First-Principles
Electronic Structure, Phys. Rev. Lett. 123, 217005 (2019).

[30] W. Huang and H. Yao, Possible Three-Dimensional Nematic
Odd-Parity Superconductivity in Sr2RuO4, Phys. Rev. Lett. 121,
157002 (2018).

[31] W. Huang, Y. Zhou, and H. Yao, Exotic Cooper pairing in
multiorbital models of Sr2RuO4, Phys. Rev. B 100, 134506
(2019).

[32] W.-S. Wang, C.-C. Zhang, F.-C. Zhang, and Q.-H. Wang, The-
ory of Chiral p-Wave Superconductivity with Near Nodes for
Sr2RuO4, Phys. Rev. Lett. 122, 027002 (2019).

[33] S.-O. Kaba and D. Sénéchal, Group-theoretical classification
of superconducting states of strontium ruthenate, Phys. Rev. B
100, 214507 (2019).

[34] S. Acharya, D. Pashov, C. Weber, H. Park, L. Sponza, and M. V.
Schilfgaarde, Evening out the spin and charge parity to increase
Tc in Sr2RuO4, Commun. Phys. 2, 163 (2019).

[35] Z. Wang, X. Wang, and C. Kallin, Spin-orbit coupling and spin-
triplet pairing symmetry in Sr2RuO4, Phys. Rev. B 101, 064507
(2020).

[36] A. Steppke, L. Zhao, M. E. Barber, T. Scaffidi, F. Jerzembeck,
H. Rosner, A. S. Gibbs, Y. Maeno, S. H. Simon, A. P.
Mackenzie, and C. W. Hicks, Strong peak in Tc of Sr2RuO4

under uniaxial pressure, Science 355, eaaf9398 (2017).
[37] C. A. Watson, A. S. Gibbs, A. P. Mackenzie, C. W. Hicks, and

K. A. Moler, Micron-scale measurements of low anisotropic
strain response of local Tc in Sr2RuO4, Phys. Rev. B 98, 094521
(2018).

[38] Y.-S. Li, N. Kikugawa, D. A. Sokolov, F. Jerzembeck, A.
S. Gibbs, Y. Maeno, C. W. Hicks, M. Nicklas, and A. P.
Mackenzie, High sensitivity heat capacity measurements on
Sr2RuO4 under uniaxial pressure, arXiv:1906.07597.

[39] M. Braden, P. Steffens, Y. Sidis, J. Kulda, P. Bourges, S.
Hayden, N. Kikugawa, and Y. Maeno, Anisotropy of the Incom-
mensurate Fluctuations in Sr2RuO4: A Study with Polarized
Neutrons, Phys. Rev. Lett. 92, 097402 (2004).

[40] P. Steffens, Y. Sidis, J. Kulda, Z. Q. Mao, Y. Maeno, I. I. Mazin,
and M. Braden, Spin Fluctuations in Sr2RuO4 from Polarized
Neutron Scattering: Implications for Superconductivity, Phys.
Rev. Lett. 122, 047004 (2019).

054506-7

http://arxiv.org/abs/arXiv:2001.08152
https://doi.org/10.1038/25315
https://doi.org/10.1038/29038
https://doi.org/10.1088/1367-2630/11/5/055060
https://doi.org/10.1103/PhysRevLett.93.167004
https://doi.org/10.1103/PhysRevB.76.014526
https://doi.org/10.1103/PhysRevB.81.214501
https://doi.org/10.1103/PhysRevB.89.144504
https://doi.org/10.1103/PhysRevLett.110.077003
https://doi.org/10.1103/PhysRevB.100.094530
https://doi.org/10.1103/PhysRevB.88.134521
https://doi.org/10.1103/PhysRevX.7.011032
https://doi.org/10.7566/JPSJ.87.093703
https://doi.org/10.7566/JPSJ.89.034712
https://doi.org/10.1073/pnas.1916463117
https://doi.org/10.1126/science.1103881
https://doi.org/10.1103/PhysRevB.89.220510
https://doi.org/10.1103/PhysRevResearch.1.033108
https://doi.org/10.1103/PhysRevResearch.2.032023
https://doi.org/10.1038/s41535-020-0245-1
https://doi.org/10.1103/PhysRevLett.123.217005
https://doi.org/10.1103/PhysRevLett.121.157002
https://doi.org/10.1103/PhysRevB.100.134506
https://doi.org/10.1103/PhysRevLett.122.027002
https://doi.org/10.1103/PhysRevB.100.214507
https://doi.org/10.1038/s42005-019-0254-1
https://doi.org/10.1103/PhysRevB.101.064507
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1103/PhysRevB.98.094521
http://arxiv.org/abs/arXiv:1906.07597
https://doi.org/10.1103/PhysRevLett.92.097402
https://doi.org/10.1103/PhysRevLett.122.047004


ASTRID T. RØMER et al. PHYSICAL REVIEW B 102, 054506 (2020)

[41] A. T. Rømer, D. D. Scherer, I. M. Eremin, P. J. Hirschfeld, and
B. M. Andersen, Knight Shift and Leading Superconducting
Instability from Spin Fluctuations in Sr2RuO4, Phys. Rev. Lett.
123, 247001 (2019).

[42] A. T. Rømer and B. M. Andersen, Fluctuation-driven supercon-
ductivity in Sr2RuO4 from weak repulsive interactions, Mod.
Phys. Lett. B 34, 2040052 (2020).

[43] P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin, Gap symme-
try and structure of Fe-based superconductors, Rep. Prog. Phys.
74, 124508 (2011).

[44] A. Chubukov, Pairing mechanism in Fe-based
superconductors, Annu. Rev. Condens. Matter Phys. 3, 57
(2012).

[45] A. T. Rømer, A. Kreisel, I. Eremin, M. A. Malakhov, T. A.
Maier, P. J. Hirschfeld, and B. M. Andersen, Pairing sym-
metry of the one-band Hubbard model in the paramagnetic
weak-coupling limit: A numerical RPA study, Phys. Rev. B 92,
104505 (2015).

[46] A. T. Rømer, T. A. Maier, A. Kreisel, I. Eremin, P. J. Hirschfeld,
and B. M. Andersen, Pairing in the two-dimensional Hubbard
model from weak to strong coupling, Phys. Rev. Res. 2, 013108
(2020).

[47] A. Tamai, M. Zingl, E. Rozbicki, E. Cappelli, S. Riccò, A.
de la Torre, S. McKeown Walker, F. Y. Bruno, P. D. C. King,
W. Meevasana, M. Shi, M. Radović, N. C. Plumb, A. S.
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