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Sr2RuO4 continues to present an important test of our understanding of

unconventional superconductivity, because while its normal-state elec-

tronic structure is known with precision, its superconductivity remains
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unexplained. There is evidence that its order parameter is chiral, but

reconciling this with recent observations of the spin part of the pairing

requires an order parameter that is either fine-tuned or implies a new

form of pairing. Therefore, a definitive resolution of whether or not

the superconductivity of Sr2RuO4 is chiral is important for the study

of superconductivity. Here, we report measurement of zero-field muon

spin relaxation, a probe sensitive to weak magnetism, on samples under

uniaxial stresses. We observe a stress-induced splitting between the

onset temperatures of superconductivity and time reversal symmetry

breaking - consistent with qualitative expectations for a chiral order

parameter - and argue that this observation cannot be explained by

conventional magnetism. In addition, we report the appearance of bulk

magnetic order under higher uniaxial stress, above the critical pressure

at which a Lifshitz transition occurs in Sr2RuO4.

For most of its history, the superconductivity of Sr2RuO4 [1] has been understood

in terms of an odd-parity, two-component order parameter with equal spin pairing

in the RuO2 planes: px±ipy [2, 3, 4, 5]. This order parameter is chiral: the Cooper

pairs have angular momentum l = ±1. Evidence for chirality comes from ZF-µSR

data [6], observation of a nonzero Kerr rotation below Tc [7], and signs in junction

experiments of domains in the superconducting state [8, 9], while evidence for equal

spin pairing came from the absence of a change in Knight shift below the critical

temperature Tc in nuclear magnetic resonance (NMR) [10] and polarised-neutron

scattering [11] measurements. The Knight shift is related to the spin susceptibility,

and in conventional, opposite-spin-pairing superconductors it is suppressed below

Tc. However, in new measurements it has been found that the Knight shift is in fact

suppressed below Tc [12, 13, 14] by a magnitude that is unlikely to be reconcilable
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with equal spin pairing. This revision has called into question a number of other

results on Sr2RuO4. It raises a particular challenge for experiments that indicate

chirality, because opposite-spin pairing implies an even-parity momentum-space

gap structure, and if the order parameter is constrained to be even-parity, chiral,

and comprised of components that are degenerate on the tetragonal lattice of

Sr2RuO4, the only possibility is dxz±idyz order. Under conventional understanding

this is a highly unlikely order parameter because it contains a horizontal line node

at kz = 0, and therefore implies pairing that is dominated by interlayer coupling.

That would be a surprise because the interlayer coupling in Sr2RuO4 is weak: the

ratio of inter- to intra-layer resistivity is of the order of 1000 [2]. Therefore, the

question of whether or not the superconductivity of Sr2RuO4 is chiral has become

highly important, because a confirmation may compel consideration of new forms

of pairing.

At present, the evidence on chirality, and on time reversal symmetry break-

ing (TRSB) superconductivity more generally, is mixed. Scanning tunnelling mi-

croscopy data suggest a dx2−y2 gap [15]. In scanning SQUID microscopy mea-

surements magnetic fields on the scale indicated by ZF-µSR data have not been

found [16]. A recent junction experiment finds time-reversal invariant supercon-

ductivity [17]. Furthermore, under in-plane uniaxial stress the tetragonal lattice

symmetry of Sr2RuO4 is lifted, and consequently the degeneracy of the two com-

ponents of dxz ± idyz or px ± ipy order is expected to be lifted, yielding a split

transition [18]; a schematic phase diagram is shown in Fig. 1(a). Evidence for this

splitting has been resolved neither in heat capacity measurements under uniaxial

stress [19], nor in the stress dependence of Tc [20, 21].

There is, however, no widely-accepted alternative hypothesis explaining the ex-

periments that do indicate chirality. If the heat capacity anomaly associated with
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the second transition is small, its effects would be difficult to resolve in the uni-

axial stress experiments that have been performed so far. Therefore, here we

apply ZF-µSR, a non-thermodynamic probe specifically sensitive to time rever-

sal symmetry breaking, to test for transition splitting under uniaxial stress. The

signal that indicates TRSB superconductivity in unstressed Sr2RuO4 is an in-

crease in the relaxation rate of implanted spin-polarised muons, an indicator of

internal magnetic fields, below Tc. Although the reproducibility of this signal is

well-established [6, 22, 23, 24], the difficulty in reconciling conflicting results in

Sr2RuO4 has raised questions on whether it truly originates in TRSB supercon-

ductivity. One major goal of our experiment here is to rule out that it is an artefact

of a conventional superconducting transition by some as-yet undetermined mech-

anism. We achieve this by showing that stress induces a clear splitting between Tc

and TTRSB, the onset temperature of enhanced muon spin relaxation. Furthermore,

we show that stress exceeding 1 GPa induces magnetic order in Sr2RuO4, and that

the signal in this state differs qualitatively from that below TTRSB in unstressed

Sr2RuO4, providing evidence that the enhanced muon spin relaxation at lower

stresses is not a consequence of conventional magnetism. These results together

provide strong support for a two-component superconducting order parameter that

breaks time reversal symmetry in Sr2RuO4.

The essential experiment setup is shown schematically in Fig. 1(b). The sample

is a plate thick enough to stop the muon beam, mounted in a holder that facilitates

application of force. Concentric coils are mounted behind the sample, for in situ

measurement of Tc through the Meissner effect. Hematite masks, whose internal

magnetism rapidly depolarises muon spins that implant into them, screen portions

of the holder that intrude into the beam. The muon spin is parallel to the beam
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direction, and to the c-axis of all the samples. A photograph of a sample holder is

shown in Fig. ED1.

We first show results for unstressed Sr2RuO4. We compare ZF-µSR data, ex-

tended to temperatures well above Tc, with heat capacity data. Our results confirm

previous observations [6, 22, 23, 24], and also show with high certainty that no

spin relaxation enhancement is seen above Tc. Four samples, labelled A–D, were

measured at zero stress. Samples A, C, and D have Tc = 1.38, 1.35, and 1.39 K

respectively, close to the clean-sample limit of 1.50 K [25], while Sample B has

Tc = 1.22 K.

In the µSR method, spin-polarised muons are implanted into the sample, where

each muon spin then precesses in its local field. The measured quantity is the

decay positron emission asymmetry A(t), which is proportional to the muon spin

polarisation at time t. A(t) is conventionally obtained by direct comparison of the

positron count rates in two detectors. Here, we instead analyse the count rates in

each of the two detectors individually (“single histogram analysis”), an analysis

method that reduces sensitivity to instrumentation drift. A(t) for Sample B at two

temperatures, one above and one well below Tc, are shown in Fig. 2. Slow muon

spin relaxation is observed at the higher T , and faster relaxation at the lower T .

External fields are compensated to better than 2 µT, so this change is not a conse-

quence of the appearance of vortices. Muon spin relaxation is generally classified

as exponential or gaussian, depending on whether relaxation is (exponential) or

is not (gaussian) visible at short times; exponential relaxation corresponds to a

broader internal field distribution [6]. In Sr2RuO4, the relaxation enhancement

is exponential, meaning that A(T < TTRSB)/A(T > TTRSB) decreases from short

times and can be fitted well by an exponential form.
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The muon spin relaxation rate λ at each temperature is obtained by fitting:

(1) Afit(T, t) = Asame
−λ(T )t + Abkg.

Abkg is a background constant to account for muons that implant into background

material such as cryostat walls, and Asam is the sample signal strength. We make

the simplifying assumption that Abkg is t-independent— in other words, that the

background muon spins do not relax. For all samples in this paper, Abkg and Asam

are determined from separate transverse-field µSR measurements (see Fig. ED2),

and therefore in the analysis of ZF data λ is the sole free fitting parameter. For

all samples, Abkg � Asam. Results are shown in Fig. 2(b–d) for samples A-C and

in Fig. 3(f) for sample D. In each sample, λ is seen to increase at low temperature.

Phenomenological fits yield TTRSB = 1.30 ± 0.06 K for Sample A, 1.3 ± 0.1 K for

Sample B, 1.03± 0.08 K, for Sample C, and 1.37± 0.08 K for Sample D. (All error

bars are one standard deviation.)

Although the fraction of background muons is small, we show in Fig. ED3 that

different assumptions about the background relaxation rate strongly affect the

absolute values of λ obtained in the single histogram analysis. As long as the

background relaxation is T -independent, it is a uniform shift of λ(T ). In effect,

when knowledge of the background is imperfect, the single histogram analysis

improves sensitivity to small T -dependent changes in λ at the expense of greater

uncertainty in absolute values, which therefore should not be compared across

samples. We also show in Fig. ED3 a comparison of measurements of two similar

samples, which shows that the background is, as hypothesised, T -independent,

and in Fig. ED4 a control measurement in which the sample was covered with
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hematite, that confirms that the increase in λ below TTRSB is a property of the

Sr2RuO4.

Sample B has the same TTRSB within error as samples A and D, in spite of its

lower bulk Tc. However, susceptibility measurements reveal that Tc of Sample B

is not homogeneous: the transition in susceptibility is broad and 0.25 K above the

transition seen in heat capacity, likely due to internal strains that locally induce

higher Tc [26, 27]. (These data, and further characterisation data for all samples,

are shown in Fig. ED5.) TTRSB of Sample C in contrast is distinctly below its Tc.

Such splitting has not been reported before. It shows that there is a mechanism,

not seen in most crystals, by which TTRSB can be suppressed, but so far there is no

evidence that TTRSB can exceed Tc. We discuss this point in greater detail later.

Three samples (D–F) were measured under uniaxial stress. The unixial stress

dependence of Tc of Sr2RuO4 is dominated by a stress-induced Fermi surface topo-

logical transition (a Lifshitz transition), that occurs at a stress σ applied along an

Ru-O-Ru bond direction of −0.70 GPa [28, 29]. (Negative values of stress denote

compression.) Tc peaks sharply at this stress, at a value of 3.5 K, while the upper

critical field is enhanced by a factor of twenty [27].

Results for σ up to −0.86 GPa are shown in Fig. 3. Sample D was also mea-

sured at -0.28 and -0.43 GPa. Asam and Abkg were determined independently at

each stress. In panels (a–c) it is seen that the relaxation enhancement remains

exponential at each stress, and in panels (f–h), that TTRSB remains low in spite of

the stress-induced increase in Tc. Because the data here do not extend to very low

temperatures (due to the poor thermal conductance of the pressure apparatus), a
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linear form is fitted to λ(T ) to extract TTRSB:

(2) λ =


λ0 + b× (TTRSB − T ), T < TTRSB

λ0, T > TTRSB

The slope b is a common fitting parameter among all three stresses, while TTRSB

and λ0 are obtained independently at each stress. This fit gives TTRSB = 1.37 ±

0.08 K at 0 GPa, 1.18±0.06 K at −0.28 GPa, and 1.23±0.08 K at −0.43 GPa. In

other words, TTRSB appears to be initially suppressed. The probability that TTRSB

is lower at −0.28 than at 0 GPa is 98%.

Sample E was measured at −0.70 GPa, right at the peak in Tc. Adopting the

same phenomenological fit as applied to Sample D with the same slope b, TTRSB of

Sample E at -0.70 GPa is found to be 1.24± 0.16 K. Samples E and F were both

cut from Sample C, which had TTRSB(σ = 0) = 1.03±0.08 K, so this is a potential

enhancement from the unstressed TTRSB, but with low statistical confidence. TTRSB

of Sample F at σ = −0.79 GPa, slightly beyond the peak in Tc, is 0.82±0.08 K. A

single data point from Sample F at a yet higher stress, −0.86 GPa, indicates that

the time-reversal symmetry breaking is still present.

Sample F was compressed yet further, to σ = −1.05 GPa. A(t) at various

temperatures is shown in Fig. 4(a). The oscillations are an unmistakable indication

of magnetic order. To analyse the oscillation data, we fit the following form to

A(t):

(3) A(t) = α j0(2πγµBmaxt)e−λTt + (1− α) e−λLt.

Here, j0 is a zeroth-order Bessel function, which is the Fourier transform of the

Overhauser field distribution, p(B) ∝ (B2
max − B2)−1/2, expected for an incom-

mensurate spin density wave. A damped cosine form, expected for commensurate
8



magnetic order or ferromagnetism, does not fit well (see Fig. ED6). Bmax is the

magnetic hyperfine field at the peaks of the SDW, and γµ the muon gyromagnetic

ratio. α is the oscillating signal fraction due to muons experiencing magnetic hy-

perfine fields transverse to the initial muon spin polarization. Since the magnetic

order can also generate longitudinal field components at individual muon sites,

which do not cause muon spin precession, α is a lower bound on the magnetic

volume fraction. λT and λL describe an additional static line broadening and a

slow dynamical spin relaxation, respectively. The results of the fits are shown in

Fig. 4. α saturates at 60 %, and Bmax(T → 0) is 5.5 ± 0.1 mT. Fitting Bmax(T )

gives a Néel temperature TN of 6.86 K. As further evidence that the magnetic

order is a spin density wave, no anomaly that would indicate ferromagnetism was

detected in the susceptibility data at T ∼ 7 K.

λT and λL strongly increase below 2 K. The effect can be seen directly in

Fig. 4(a): more oscillations are resolvable at 2.19 than at 0.44 K. Susceptibil-

ity data [Fig. 4(d)] show that the sample is superconducting with the main part of

the transition at Tc ∼ 1 K, which shows that this change may be a consequence of

the coexistence of superconductivity and magnetism. (The superconducting tran-

sition becomes broad at high stresses; we attribute this to stress inhomogeneity

and a steep dependence of Tc on stress.)

To estimate the ordered moment, we compare with the static magnetic or-

der induced in unstressed Sr2RuO4 by Ti substition. The electronic structure

of Sr2RuO4 introduces susceptibilities at multiple wavevectors [30, 31], and so

the stress-induced order may have a substantially different wavevector than the

substitution-induced order, however it provides a first point of comparison. The

T → 0 ordered moment of Sr2Ru0.91Ti0.09O4 is 0.3 µB/Ru [32, 33], and in ZF-µSR

data the first minimum in A(t) occurs at 0.2 µs [34]. The first minimum in A(t)
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for the stress-induced order occurs at 1 µs, suggesting an ordered moment of the

order of 0.06 µB/Ru.

Functional renormalization group calculations have predicted stress-induced mag-

netic order in stoichiometric Sr2RuO4, but onsetting before the Fermi surface tran-

sition at −0.70 GPa is reached [35]. The observed onset of magnetic order is clearly

beyond the Lifshitz transition: the −0.86 GPa data point of Sample F falls be-

tween the peak in Tc and appearance of magnetic order. Our data are summarized

by the phase diagram in Fig. 5.

We now discuss the stress-induced splitting between Tc and TTRSB for |σ| <

1.0 GPa. The systematic splitting proves decisively that the enhanced muon spin

relaxation is not an artefact of the superconducting transition alone, for example

through interaction of magnetic defects or magnetic interactions with conventional

superconductivity. As described above, we have performed control measurements

that rule out that TTRSB is an artefact of the apparatus or background. At first

glance, the weak variation of TTRSB up to σ = −1.0 GPa, and the observation

of magnetic order beyond 1.0 GPa, suggest a possibility that the enhanced muon

spin relaxation is a consequence of a magnetic transition, rather than a property

of the superconductivity. We argue that this is very unlikely. The small size of

the signal rules out that it is a bulk magnetic transition, for the ordered moment

would be only of the order of 0.002 µB/Ru, an extremely weak magnetism very

seldom observed in real materials. Although such a delicate magnetic order is in

principle possible, it would not then be expected to have such a weak response to

strain-tuning. The 0.10 µB/Ru magnetic order of the related compound Sr3Ru2O7

is extraordinarily sensitive to uniaxial stress, responding strongly to stresses of

order 0.1 GPa [36]. A more reasonable hypothesis is therefore that a precursor

of the bulk order at σ ≤ −1.0 GPa condenses around certain defect sites. In
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this case, however, these islands of magnetic order would grow and become more

numerous as the bulk transition is approached, yet the magnitude of the muon

spin relaxation enhancement does not increase as σ approaches −1.0 GPa, and

TTRSB does not grow towards 7 K.

A known mechanism that can give weak exponential muon spin relaxation is

fluctuations of weak ferromagnetism, as seen in YbNi4P2 [37] and CeFePO [38].

However in these cases the fluctuations, and corresponding muon spin relaxation

rate λ, decay gradually over an order-of-magnitude increase in temperature. The

rounding of the transitions in λ(T ) seen in Fig. 2 is at most a few times 0.1 K, which

could be explained by sample inhomogeneity. Furthermore, the possibility that the

internal fields are fluctuating was tested with longitudinal field measurements in

Ref. [6], which concluded that they are static. Spin glasses can also give exponential

muon relaxation, but even dilute spin glasses give much stronger relaxation than

that observed here [39]. Further possible magnetic mechanisms are discussed in

Supplementary Information; we find none consistent with observations.

A potential non-magnetic mechanism that could give enhanced muon spin relax-

ation is a structural transition in which the muon stopping site is altered, altering

the muon - nuclear dipole interaction. However, structural transitions at such low

temperature are rare, and furthermore we show, in Fig. ED7, results of a muon

Knight shift measurement at 8 T on unstressed Sr2RuO4. No change in the Knight

shift or line width that could indicate a structural transition is observed below 4

K.

The absence of a plausible magnetic mechanism to explain the observed signal

leads to the conclusion that enhanced muon spin relaxation most likely marks

a transition of the superconducting state. Splitting between Tc and TTRSB has

been observed previously in a few materials, but not with the clarity attained
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here. In UPt3, a splitting of approximately 0.05 K was observed [40], although

enhanced muon spin relaxation was not seen at all in a later report [41]. In

both Ba1−xKxFe2As2 and Pr1−xLaxPt4Ge12 there is a potential splitting of a few

kelvin [42, 43, 44], but resolution in both cases is limited by the transition widths

and small scale of the increase in λ. The case of UPt3 is particularly informative,

as Kerr rotation, superconducting junction, and small-angle neutron scattering

measurements [45, 46, 47] show that at low temperature its superconductivity is

chiral, providing further evidence that time reversal symmetry-breaking supercon-

ductivity causes enhanced muon spin relaxation.

We now discuss the possibility of chiral, dxz ± idyz order. Recent ultrasound

measurements give evidence for two-component superconductivity [48, 49], and

although there are strong thermodynamic constraints on this order parameter, we

now argue that there are plausible mechanisms to reconcile it with experimental

data. The primary constraint is the absence of a resolvable second transition in

heat capacity data on uniaxially stressed Sr2RuO4 [19]: experiments constrain any

heat capacity jump at TTRSB to be less than 5% as large as that at Tc. The physical

meaning is that dxz or dyz order would be nearly degenerate with dxz ± idyz, due

to competition between the two components. In a Ginzburg-Landau model of a

two-component order parameter, the ratio of the slopes |dTTRSB/dσ| and |dTc/dσ|

is inverse to the ratio of heat capacity jumps at TTRSB and Tc (see Supplemental

Information), so this observation constrains |dTTRSB/dσ| to be at least 20 times

larger than |dTc/dσ| in the limit σ → 0, which is in apparent contradiction to the

observation that TTRSB is suppressed weakly, if at all, while Tc is strongly enhanced

under uniaxial stress.

However, it is possible that the range of validity of the σ → 0 limit is small.

At small |σ|, a suppression of TTRSB is probably observed, while at large |σ| the
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dependence of Tc on σ is clearly non-linear, indicating that the small-σ limit no

longer applies. Furthermore, if the chirality of the superconductivity of Sr2RuO4

is as thermodynamically fragile a phenomenon as data indicate then the effect

of disorder must also be considered. It is known that the superconductivity of

Sr2RuO4 is among the most disorder-sensitive [25], and disorder and fluctuations

are predicted to round off the cusps predicted in the mean-field phase diagram [50,

51], potentially obscuring the intrinsic small-σ behavior.

Disorder could potentially explain the the observation that TTRSB < Tc in some

unstressed samples of Sr2RuO4. All samples grow along an in-plane direction, so

extended defects such as dislocations and Ru inclusions could have a preferred

orientation. Oriented defects could be more effective in suppressed TTRSB than

lattice strain because they introduce large-angle scattering, whereas strain does

not. Therefore an observation of splitting in some unstressed samples does not

rule out chiral order. A recent proposal of inter-orbital pairing provides a possible

mechanism to obtain a dxz ± idyz order parameter. Inter-orbital pairing becomes

a realistic possibility when spin-orbit and Hund’s rule couplings are non-negligible

in comparison with the Fermi energy; how strong they must be is a subject of

debate [52, 53, 54]. As yet, there are no widely-accepted examples of this type

of superconductivity. However, in Sr2RuO4 it allows the possibility that dxz ±

idyz symmetry is encoded in local orbital degrees of freedom rather than the k

dependence of the gap, such that interlayer pairing is no longer required.

Other recently-discussed even-parity order parameters that break time-reversal

symmetry include d± is [55] and d± ig [56]. These order parameters require tun-

ing to obtain TTRSB ≈ Tc, but it is argued in Refs. [55] and [56] that such tuning

is realistic. Stress is generically expected to affect the two components of either

order parameter differently, so if they are tuned to TTRSB ≈ Tc at σ = 0, splitting
13



is expected when σ 6= 0 [56, 57]. Furthermore, because the proposed degeneracy

with these two order parameters is tuned rather than symmetry-protected, there

are no thermodynamic constraints on the relative stress dependencies of TTRSB

and Tc.

Methods

Samples and sample holder for uniaxial stress. Single crystals of Sr2RuO4

were grown by a floating zone method [58]. Data from six samples, labelled A–F,

are reported; Samples E and F were cut from Sample C after measurement of

Sample C. Sample A grew along approximately a 〈110〉 lattice direction, and the

rest of the samples along a 〈100〉 direction; it was necessary to select samples that

grew approximately along a 〈100〉 direction in order to obtain samples of sufficient

length along this direction for mounting in the uniaxial stress apparatus. With

the exception of Sample C, all samples studied here were either cleaved or ground

into plates, exposing the interior of the as-grown rod to the muon beam.

Samples were mounted into holders as shown in Figs. 1 and ED1 using Stycast

2850 epoxy. The epoxy layers were generally 50–100 µm thick. The beam is

approximately 1 cm in diameter, and for a decent count rate the sample area

facing the beam should be at least 10 mm2; we had 15 mm2 for Samples E and F,

and 26 mm2 for Sample D. For Samples E and F, three additional steps were taken

to improve the chances of reaching high stresses without fracturing the sample. (1)

They were cut at a 10◦ angle with respect to the ab plane, so that shear stresses

in the sample do not align with cleave planes. (2) 10 µm-thick titanium foils

were affixed to their surfaces with Stycast 1266. (3) The slots in the holder were
14



chamfered, as shown in Fig. 1(b), to smooth the interface between the free and

clamped portions of the sample.

Photographs of the sample holder are shown in Fig. ED1. The holders slot into a

piezoelectric-driven device that we term the generator, that generates forces of up

to 1000 N; it is described in detail in Ref. [59]. Each holder incorporates a sensor of

the force applied to the sample, based on strain gauges (Tokyo Sokki CFLA-3-350-

11), and the cell incorporates a mechanical mechanism allowing the sensor reading

at the zero-force point, σ = 0, to be determined in situ. As mentioned above, the

holders also incorporate susceptibility coils, that are sized to measure most of the

exposed portion of the sample, for measurement of Tc. The applied field from the

coils was of the order of 10 µT. Measured values of Tc were used to calibrate the

force sensors, following the stress dependence reported in Ref. [28]. In addition,

the generator incorporates a displacement sensor, and the force-displacement re-

lationship of the sample can be monitored to check for mechanical damage to the

sample, or epoxy that holds the sample, as stress is applied.

Transverse-field data, for background determination. Before each set of

zero-field measurement the ratio Abkg/Asam (See Eq. 1) was determined using

transverse-field µSR. Here, we show some of this data. In Fig. ED2 transverse-

field data from Sample D at 0 and -0.43 GPa are shown. The applied field was

14.5 mT, and above Tc the muons precess without strong relaxation in this field.

This field was applied along the c axis, where Hc2(T → 0) ≈ 70 mT, and below

Tc the field within the sample becomes highly inhomogeneous due to the vortex

lattice. Correspondingly, well below Tc the polarization of muon spins implanted

in the sample relaxes rapidly. At -0.43 GPa, it can be seen however that there

is residual oscillation that appears not to relax. This is due to the background
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muons, that implant into material other than the sample and so see a uniform

field. To fit A(t), we assume a field distribution that is a sum of a few Gaussians,

with one describing the background and the rest the vortex lattice [60]. A(t) is

fitted in the time domain to a Fourier transform of this assumed field distribution.

Results are shown in panels (c) and (d). By comparing the fitted amplitudes of

the background and vortex contributions, we obtain Abkg/Asam ≈ 0.12 for Sample

D at −0.43 GPa.

For Sample D at 0 and −0.28 GPa, Abkg/Asam was 0.05. The increase between

−0.28 and −0.43 GPa is due to a chip that broke from the sample as the applied

stress was increased, which exposed a portion of the susceptibility coils to the

muon beam. For the remaining samples, Abkg/Asam came to approximately 0 for

Samples A, B, and F; 0.12 for Sample C; and 0.15 for Sample E.

Analysis of µSR data. We now provide more information on the µSR technique,

and in particular the single histogram analysis method that was employed here.

We first explain the analysis, and then illustrate its sensitivity to assumptions

about the background. We show that as long as the background relaxation is T -

independent, T -dependent changes in λ from the sample are obtained accurately,

and then show an experimental demonstration that a T -independent background

is a valid assumption.

Measurements were performed with 4.2 MeV muons, which penetrate to a depth

of ∼0.1 mm, using the Dolly instrument on the πE1 beamline at the Paul Scherrer

Institute. The spin polarisation of the muons was parallel to the beam. Conven-

tionally, the count rates of decay positrons in two detectors (here, one forward and
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the other backward along the muon beam) are compared directly to obtain A(t):

A(t) = (N1(t)−Ndark,1)− (N2(t)−Ndark,2)
(N1(t)−Ndark,1) + (N2(t)−Ndark,2)

where Ni(t) is the number of counts in detector i at time t. At the Paul Scherrer

Institute, the rate at which muons enter the system is typically adjusted so that

there is seldom more than one muon in the sample at a time. As the muon enters

the sample area, it is detected by an upstream detector that triggers the timer

that records the time t. Ndark,i is the “dark” count rate of each detector, due

to uncorrelated events in the upstream trigger muon detector and the positron

detector.

We obtained A(t) in this conventional way for the transverse-field data, where

A varies rapidly with time. However, when relaxation is slow, as it is for Sr2RuO4,

the fitted relaxation rates λ become sensitive to errors in the dark rates, and so

for the ZF data rather than comparing count rates in the two detectors the counts

in each detector was analysed individually, with Ndark,i as a fitting parameter [43].

Each count rate Ni(t) is fitted by

Ni(t) = N0,i[1 + Afit,i(t)]e−t/τµ +Ndark,i,

where τµ is the muon lifetime, N0,i is a fitting parameter setting the overall number

of counts, and Afit,i(t) is the hypothesised functional form of the muon spin relax-

ation. We take Afit,i(t) = Asam,ie
−λt + Abkg,i. Asam,i and Abkg,i are obtained from

separate transverse-field measurements. Asam,1 and Asam,2 have opposite sign, due

to the initial muon polarisation. The relaxation rate λ is determined from fits to

both detector signals simultaneously, using the MUSRFIT program [61].
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We plot in Figs. 2–4 the experimental asymmetry data points as A(t) ≡ 1
2 [A1(t)−

A2(t)], where

Ai(t) = Ni(t)−Ndark,i

N0,i exp(−t/τµ) − 1.

These are compared with the model asymmetry function Afit(t) ≡ 1
2 [Afit,1(t) −

Afit,2(t)]. In the single histogram analysis it is unavoidable that the experimental

A(t) depends on the model Afit(t), because a model is required to obtain Ndark,i. We

emphasise however that the procedure is not “self-adjusting:” agreement between

A(t) and Afit(t) is not obtained if an inappropriate Afit(t) is selected; see Fig. ED6,

an analysis of the magnetic order, for an example.

For simplicity, a non-relaxing (that is, time-independent) background Abkg was

assumed for all samples. We now show that assuming a different form of back-

ground strongly changes the absolute values of λ obtained from the single-histogram

analysis, but negligibly affects relative values. For Sample D, as stress was in-

creased from −0.28 to −0.43 GPa a chip broke from the sample, exposing some

brass material behind the sample to the beam, which, due to the nuclear magnetic

moments of Cu, is strongly relaxing. The relaxation from copper can be accu-

rately fit by the Gauss-Kubo-Toyabe form with σ = 0.39 µs−1 [62]. In Fig. ED3(a)

we show two sets of results for A(t) of Sample D at −0.43 GPa, taking for one a

non-relaxing background, and for the other a background in which 55% of the back-

ground muon spins relax following the expected muon spin relaxation function of

copper while the remaining 45% do not relax. Panel (b) shows the resulting relax-

ation rates λ, which are seen to be considerably lower when a relaxing background

is assumed. However, when temperature-independent constants are subtracted in

panel (c), the effect of assuming a different background on relative values of λ is

seen to be negligible. We analyse data assuming non-relaxing backgrounds because
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it is not realistic to accurately determine the true background relaxation rate for

each sample.

For a direct experimental verification that the background does not affect the

observed TTRSB or the magnitude of the change in λ below TTRSB, we perform

measurements of an additional sample, Sample A2. Samples A and A2 were about

1.5 cm apart in the same original rod of Sr2RuO4, and have nearly identical Tc.

Sample A2 was mounted into the uniaxial stress apparatus, but force was not

applied. Transverse-field data, shown in Fig. ED3(d), show that about 13% of the

muons implant into background material. In panel (e), it is shown that Samples

A and A2 have nearly identical heat capacities and critical temperatures. The

absolute value of muon spin relaxation rate λ obtained from the single histogram

analysis differs strongly between the two samples, which as described above is

almost certainly an artefact of the fact that Sample A2 was mounted in the stress

apparatus while Sample A was not, rather than an actual difference in the samples.

Crucially, very similar values for TTRSB and the change in λ below TTRSB are

obtained from both samples.

Control measurement. As noted in the main text, hematite plates are used to

mask sections of the holder in the beam: the strong antiferromagnetism of hematite

relaxes the polarization of muon spins that implant into these masks within 50 ns,

allowing these muons to be excluded from analysis. Being antiferromagnetic, the

masks do not generate long-range stray fields.

To verify that the enhanced muon spin relaxation below TTRSB is not an artefact

of background material or the hematite masks, we performed the experiments

with the sample covered with hematite as shown in Fig. ED4(a). In Fig. ED4(b)

one can see A(t) from the first 50 ns. This fastly oscillating signal is due to
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muons that implant into the hematite. The asymmetry can be fitted by a damped

cosine. It decays very rapidly, and the remaining asymmetry is due to muons that

implanted into material other than the hematite, or into paramagnetic portions of

the hematite masks. In panel (c), measurements under a weak transverse field are

shown. The initial asymmetry is approximately 0.027, whereas it is approximately

0.27 when all the muons implant into a non-magnetic, non-relaxing material, which

shows that about 10% of the muons implant into background material. In panel

(d), we show asymmetry time spectra from zero-field measurements for a longer

time interval. The polarisation of these background muon spins relaxes on a time

scale of several µs. The temperature dependence of this relaxation rate is shown in

panel (e): no significant change is resolved, which shows that in the measurements

on Sr2RuO4 the observed relaxation rate enhancement is due to the Sr2RuO4, and

not an artifact of the background material or the hematite mask.

Additional sample characterization data. Additional characterization data

of the samples are shown in Fig. ED5. Heat capacity data are shown for all

samples except Sample F; Samples E and F were both drawn from Sample C, and

so are expected to have very similar properties. The samples have sharp transitions

with Tc near the clean-sample limit of 1.50 K in all samples except Sample B. For

Samples D and E, Tc and the transition widths obtained from heat capacity and

susceptibility data match closely, indicating high sample homogeneity, while for

Sample B the transition in susceptibility is broad and at a higher temperature

than the heat capacity transition, most likely due to internal defects such as Ru

inclusions, which locally increase Tc through strain effects.

To obtain a superconducting penetration depth we performed transverse field

measurements at various temperatures across Tc. In the superconducting state
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the data were analyzed by a multi-Gaussian fit to obtain the second moment of

the internal field distribution in the vortex state, as described in Ref. [60]. The

penetration depth λ was calculated using the Brandt relation between the magnetic

penetration depth and the second moment 〈∆B2〉 = 0.00371 Φ2
0/λ

4, valid for the

case when the applied field B << Bc2 [63], where Φ0 in the magnetic flux quantum.

The latter holds for the data presented in Fig. ED5, where the inverse squared

penetration depth λ−2 is plotted. The measurements shown in panel (a), (f), and

(g) were performed with B‖ c = 2 mT, yielding the in-plane superfluid density λ−2
ab ,

and in panel (c) with B‖ ab = 14.5 mT, yielding (λabλc)−1. Like the heat capacity

data of Ref. [19], these measurements show definitively that the strain-induced

increase in Tc is a bulk effect.

Additional analysis of the magnetic phase. As described in the main text,

the internal field distribution in the magnetic state is well-described by a Bessel

function, which is the field distribution expected for an incommensurate spin den-

sity wave. We show here that ferromagnetism does not give as good a match;

we analyse this alternative possibility because ferromagnetism is a generally likely

consequence of tuning materials to peaks in the density of states. The expected

functional form for A(t) for ferromagnetism is a cosine:

A(t) = α cos(2πγµBt)e−λTt + (1− α) e−λLt,

where B is now the average local magnetic field at the muon site induced by the

magnetism, and other quantities are as in the main text. For uniform ferromag-

netism, non-relaxing precession is expected, and the damping parameters λT and

λL describe the width of the field distribution. This form also applies to commen-

surate magnetic order: reversing the field direction on every other site would not
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alter A(t). Results are shown in Fig. ED6. The cosine fit does not reproduce the

data at early time (t . 0.1µs) or at t > 2µs. In particular, it does not capture

the third peak in A(t), at t ≈ 3.2 µs, which is clearly present not only here (at

T = 2.9 K), but also in the 2.19 and 4.4 K data in Fig. 4(a).

Alternative forms for A(t). The exponential form to which we fit A(t) is

taken as a phenomenological form that accurately captures our data. For static,

randomly distributed dilute field sources, the Lorentzian Kubo-Toyabe function,

fLKT = 1
3+ 2

3(1−λt)e−λt, is generally a more accurate description, however we found

no improvement in our fits and, in the absence of a widely-accepted microscopic

model for the internal fields, use the simpler fitting instead. The field from nuclear

dipoles, which is a dense field source, is generally described by the Gaussian-Kubo-

Toyabe function, fGKT = 1
3 + 2

3(1−σ2t2) exp(−1
2σ

2t2). Therefore another form that

may be employed for fitting is A(t) = fGKT(t)×e−λt, where the added exponential

describes the additional relaxation below TTRSB. We tested a simpler phenomeno-

logical form on Sample D, A(t) = Abkg + Asam exp(−λt) exp(−1
2σ

2t2), but found

that the fit quality was not improved by adding the extra fitting parameter.

High-resolution Knight shift measurements. To investigate whether the anom-

aly at T ∼ 1.5 K is observed in the normal state, we performed high-resolution

Knight shift measurements as proposed in Ref. [64]. The field was applied in the

ab-plane, and as in our zero-field measurements the muon spin was parallel to the

c-axis. The sample was cut from the sample A2 and had a cylindrical shape with

a diameter of 3 mm and height of 2 mm. The Knight shift is defined relative to

an Ag reference, and correction for diamagnetic effects was not performed. The

data were fitted in the time domain using two cosine components with exponential
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damping. The result is summarized in Fig. ED7: no change in Knight shift or

relaxation rate is resolved below 4 K.
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Figure 1. Hypothesis and setup. (a) Schematic mean-field
stress-temperature phase diagram for chiral superconductivity in
clean Sr2RuO4, in the σ → 0 limit where only σ-linear components
of the stress dependence are relevant. “∆x” stands for either px or
dxz. (b) Schematic of the sample setup for µSR. The chamfers, used
for Samples E and F, are intended to smooth the stress profile and
reduce the maximum shear stress in the sample. Concentric coils
behind the sample are used for in situ measurement of Tc.

Figure 2. Results on unstressed Sr2RuO4. (a) Example of
zero-field µSR asymmetry time spectra A(t) of Sample B above and
below TTRSB. (b - d) Comparison of the temperature dependence of
the zero field muon relaxation rate λ(T ) (left scale) and heat capacity
data (right scale) for Samples A, B and C, all under zero stress.
To determine TTRSB, λ(T ) is fit with a quadratic form: λ(T ) =
λ0 +a[1−(T/TTRSB)2] for T < TTRSB, and λ(T ) = λ0 for T > TTRSB.
The displayed error bars correspond to one standard deviation from
the χ2 fit.

Figure 3. Stress-induced splitting between Tc and TTRSB.
Left-hand panels: Zero-field µSR asymmetry A(t) at a temperature
above Tc, and at the lowest temperature reached at each stress. (a–
c) Sample D at 0 GPa, −0.28 GPa and −0.43 GPa, (d) Sample E
at −0.70 GPa, and (e) Sample F at −0.79 GPa. (f–h): Temper-
ature dependence of the muon spin relaxation rate λ, and in situ
diamagnetic susceptibility data for sample D. The applied field for
the susceptibility measurements was of the order of 10 µT. Heat
capacity and transverse-field µSR data show that the samples are
fully superconducting, so we identify the extrema of the susceptibil-
ity signal as 4πχ = 0 and −1 (see also Fig. ED5). The fits to λ(T )
(red lines) are explained in the text. To avoid biasing the analysis,
the same temperature range, which excludes the three open points
in panel (h), was used for the Sample D fits in panels (f-h). (i–j) λ
and 4πχ for Samples E and F. The displayed error bars correspond
to one standard deviation from the χ2 fit.
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Figure 4. Magnetic order. (a) Zero-field asymmetry A(t) at
various temperatures for Sample F at -1.05 GPa. (b) The maximum
internal field Bmax and transverse signal fraction α as a function of
temperature. The fit to Bmax gives TN = 6.86 K. (c) Transverse and
longitudinal relaxation rates versus temperature. Error bars, when
not shown, are smaller than the symbol. (d) In situ diamagnetic
susceptibility data. Tc ∼ 1 K is defined using a 50% criterion. The
displayed error bars correspond to one standard deviation from the
χ2 fit.

Figure 5. Experimental phase diagram. The stress-
temperature phase diagram of Sr2RuO4 based on the data presented
here. SDW stands for spin density wave. SC denotes a single com-
ponent superconducting state (d or s - wave), and TRSB SC denotes
two-component superconductivity. Possible even-parity candidates
are d+id, s+id, and d+ig. Data are plotted against stress, which may
be converted to strain using the low-temperature Young’s modulus
of 160 GPa [28]. The insets illustrate the stress-induced changes
in the Fermi surfaces of Sr2RuO4: the peak in Tc is approximately
the stress at which the largest Fermi surface passes through a Lif-
shitz transition, at the Y point of the Brillouin zone [28]. The dis-
played error bars correspond to the 10 % and 90 % criteria of the
ac-susceptibility signal change at the superconducting transition.
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