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Phases of matter are usually identified through the lens of spontaneous symmetry break-
ing, which particularly applies to unconventional superconductivity and the interactions it
originates from. In that context, the superconducting state of the quasi-two-dimensional and
strongly correlated Sr,RuQ, is uniquely held up as a solid-state analog to superfluid *He-A "2,
with an odd-parity vector order parameter that is unidirectional in spin space for all elec-

tron momenta and also breaks time-reversal symmetry. This characterization was recently
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called into question by a search for, and failure to find, evidence for an expected “split” tran-
sition while subjecting a SroRuQ, crystal to in-plane uniaxial pressure; instead a dramatic
rise and peak in a single transition temperature was observed >*. NMR spectroscopy, which
is directly sensitive to the order parameter via the hyperfine coupling to the electronic spin
degrees of freedom, is exploited here to probe the nature of superconductivity in SroRuQ,
and its evolution under strained conditions. A reduction of Knight shifts /< is observed for
all strain values and temperatures 7' < 7., consistent with a drop in spin polarization in the
superconducting state. In unstrained samples, our results are in contradiction with a body of
previous NMR work 3, and with the most prominent previous proposals for the order param-
eter. SroRuQy is an extremely clean layered perovskite, and the superconductivity emerges
from a strongly correlated Fermi Liquid. The present work imposes tight constraints on the

order-parameter symmetry of this archetypal system.

The normal state of SryRuQy is based on three bands crossing the Fermi level &7

, with pro-
nounced strong-correlation characteristics linked to Hund’s Rule coupling of the partially filled
Ru t,, orbitals dominating the Fermi surface. The transition to a superconducting ground state at
T. =1.5 K 3, with indirect evidence for proximity to ferromagnetism, led to the suggestion that the
pair wave functions of the superconducting state likely exhibit a symmetric spin part, i.e., triplet '
Crucial support for the existence of a triplet order parameter rested on NMR spectroscopy, which
showed no change in Knight shift between normal and superconducting states’. Later, several ex-

periments produced evidence for time-reversal symmetry breaking (TRSB) *!°. Together, these

reports aligned well to the above-mentioned proposal that SroRuQO, is a very clean, quasi two-
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dimensional solid-state analog of the topologically nontrivial *He-A phase !!, but here in the form

of a charged superfluid.

However, several experimental results are difficult to reconcile with the proposed p-wave
superconducting state '>~'4. For instance, due to TRSB, there is the generic expectation of measur-
able chiral edge currents (which propagate within a coherence length of the edge, but which are
screened over a somewhat larger penetration depth scale). However, such currents have not been

detected despite several attempts with progressively improved sensitivity 3717,

In mean-field theory, a chiral p-wave superconductor subjected to in-plane uniaxial strain €,
exhibits a split transition, and accompanying cusp about ¢,, = 0. However, strained samples of
SroRuQy4 exhibit neither; observed instead is a large increase in 7, (1.5 — 3.5 K), that peaks at
€aa = €, = —0.5% *. The behavior was interpreted as a consequence of tuning the Fermi energy
Er of the quasi-2D band through a van Hove singularity (vHs), and concomitant singularity in
the density of states (DOS) at Ex '8. These observations motivated a study of 7O nuclear mag-
netic resonance (NMR) in uniaxially pressurized samples; indeed, evidence for the DOS maximum
and accompanying enhanced Stoner factor came from normal-state 1O NMR experiments . The
results have bearing on the chiral p-wave state hypothesis: on the one hand, an odd-parity order pa-
rameter vanishes at the location of the vHs, thereby reducing the impact of the DOS enhancement;
on the other hand, the enhanced Stoner factor and ferromagnetic fluctuations could strengthen the

pairing instability.

The focus of this paper is 1O NMR Knight shift studies on uniaxially pressurized SroRuQOy,
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comparing the shifts seen in the normal and superconducting states. The experiments were car-
ried out in a variable-strain device 2*2!, and cover the full range of 7, from 1.5 K to 3.5 K. 17O
NMR spectroscopy is directly sensitive to the spin polarization Mj; the expectation for an s-wave
(singlet) superconductor is a reduction in the paramagnetic shift, which would vanish in the limit
T/T.— 0and B/B. — 0, whereas for the widely proposed E, state (Table 1) K, = M (B)/B **
remains unchanged from the normal-state value. Summarizing the findings, onset of superconduc-
tivity leads to a substantial drop in M for all strains measured; the zero-strain results are therefore
in disagreement with those previously reported °. We describe a series of tests which, we believe,
account for this discrepancy. While M, remains nonzero for 7' — 0, note that quasiparticle cre-
ation occurs for several possible reasons in applied fields By # 0. No evidence for a change in

ground state symmetry is observed as the strain is varied over the interval £,, = [0, £,].

The crystal structure of SroRuQy, is identical to that of the undoped parent compound of the
“214” cuprates, La,CuQ,. Likewise, the states at E» are predominantly of d character; here they
derive from Ru ?5,-O 7 hybridization. Extended Data Fig. la depicts the orbitals dominating
the v band, associated with the Ru, O(1), O(1’) sites. The O(2) sites are in the apical positions,
symmetrically above and below the Ru site. Throughout this report, the magnetic field Bg || b,
since out-of-plane field components suppress B.s. On stressing the sample, the relevant response

is the resulting asymmetric strain €,, — €p; only £,, is noted here.

Since magnetic fields lead to quasiparticle spin polarization, the ideal experiment has the

applied field By < Bg. Nuclear spin polarization, on the other hand, favors the largest field
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possible. For guidance in making this compromise in the choice of experimental parameters, we
determined B (c4,) (see Methods) and present the results in Fig. 1. B., is maximized at ¢,
coincident with 77"%*, at a value (4.3 £0.05 T) within a few per cent of that (4.5 T) reported in Ref.
4. The reduction could be a result of a small misalignment from the in-plane condition, O(1°) 142,
The minimum value is B (€,,) = 1.32 + 0.05T, identified by extending the measurements to

tensile strains ¢,, > 0.

The temperature dependences of the 17O central transition frequencies for the three sites were
measured at £,, = €, where B, is largest, at By=1.9980 T. The resulting spectra, shown in Fig.
2, reveal pronounced changes in shift upon decreasing the temperature through 7,(By). Since the
orbital shifts are relatively small, the frequencies corresponding to ' = 0 (vertical dashed lines)

are attributed to quadrupolar effects '°.

Since the normal-state Knight shifts /&, < 0, Ky, > 0, the changes for 7' < T, in Fig. 2b
correspond to a drop in M, of order 20-30 %, qualitatively different from the zero-strain results .
Note that the shifts X' ~ M, /By, remain nonzero for 7" — 0, where field-induced quasiparticles
are likely relevant at the relatively high fields (By/B. =~ 0.45) at which the measurement was
performed. In addition to the contributions from vortex cores, two other sources should be consid-
ered in the context of gap nodes, or at least the deep minima; these are the Volovik Effect 2*, and

Zeeman coupling.

The observed drop of M upon entering the superconducting state under strained conditions

invites a comparison to the previous zero-strain experiments, for which the lack of reported de-
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crease constituted a cornerstone of the case for a chiral p-wave order parameter. Therefore, we
carried out measurements covering the entire interval £,, = [0, &,]. In doing so, the results were
found to depend on NMR pulsing details. With this important observation in mind, a reexamination

of the shifts for ¢,, = 0 is presented first.

In Fig. 3 we present the spectra with no applied stress, collected following various pulse
excitations. The applied field is By = 0.7107 T, similar to the 0.65 T used in Ref. [°], and the
mixing chamber temperature is T);c = 20 mK. Note that from Fig. 1, By/B(csa = 0) =~
0.55. As above, the three spectral lines shown are the central transitions for O(1), O(2) and O(1’),
from low to high frequency, respectively. The top trace of Fig. 3a corresponds to the normal
state at T = 1.8 K, collected using a standard two-pulse echo pulse sequence, [7/2 — t; — 7 —
acquire]. The remaining spectra are all recorded at 20 mK base temperature, and transformed from
transients following single-pulse excitations of variable time durations d;, chosen because it is far
less constraining than the echo sequence in regard to the amount of energy transmitted. These are
ordered bottom-to-top with increasing pulse energy. Fig.3b depicts the shifts vs. pulse energy F;
the variations are approximately linear for smaller energies, and saturate near to the normal-state

values for higher energies.

It is tempting to assign the evolution, K vs. E, to “instantaneous” sample heating, such
that the spectra are recorded while T" > T.(By). Indeed, eddy currents resulting from the high
amplitude RF pulses provide a mechanism for absorption. Moreover, the heat capacity vanishes

continuously in the limit 7" — 0. Consequently, a larger temperature increase results from a
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given amount of energy dissipated at lower temperatures. Note that a check of the nuclear spin-
lattice relaxation time 7} is usually insensitive to such an effect, since the time scales for 77 and
electronic thermal relaxation are so different, 77 >> 7. Therefore, it is possible that the spectra
recorded following high-energy pulses correspond to those of the normal state, while 77 results
correspond to the superconducting state. For insight into the thermal conditions imposed by the
RF pulses, time-synchronous measurements of the tank circuit reflected power were carried out.
A summary of the conditions is as follows: an RF pulse (or sequence), as used for the NMR
excitation, “pumps” the system. It is followed by a low-power RF probe, and the reflection is
phase-sensitively detected using the NMR receiver. In this way we study the temporal changes to
the reflected power, which depends on the sample response to the RF. Note that this is equivalent
to an ac susceptibility measurement, and relates to RF shielding. Comparisons to the normal
state are possible by measuring also the field dependence, including By > B, or by warming to

T > TC(BO = O)

Our results for in-phase (IP) and quadrature (Q) components of the reflected power are shown
in Fig. 4, where the applied pulse energies cover the range used for the NMR measurements. Note
that the overall phase is arbitrary. For sufficiently high energy pulses, the recovery to a steady state
takes place via a two-step process. Aided by comparing to similar measurements carried out in
varying fields (see Methods, Extended Data Fig. 5), our interpretation is that the sample under
study is initially responding as though it is in the normal state. This lasts for a period of about 100
us. A second, longer period of relaxation (O(1 ms)), occurs within the superconducting state. The

longer time is likely due to changing vortex structure, motion and creep. No such time dependence
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is observed if the sample is initially in the normal state.

In summarizing the results presented so far, the experiments indicate a reduced spin polar-
ization upon entering the superconducting state at zero strain, as well as at ¢,,. The field strengths
relative to the upper critical field were B,/ B, = 0.55 and 0.45, respectively. An important ques-
tion is whether there is any indication for a change in order parameter symmetry between these
limiting cases. Toward that end, spectra from normal and superconducting states were recorded
for strains covering the interval £,, = [0, &,] (see Extended Data Fig. 5 and Methods). Collected
at fields 0.7107 T, 1.1573 T, the data in the superconducting state vary continuously, with no dis-
cernible jump in M,. Since one route to a symmetry change is via a first-order phase transition,
these results, when combined with the smooth variations of 5., (Fig. 1) and the previously mea-

sured 7T,*, suggest this possibility unlikely.

The key experimental finding reported here is our deduction that, at all applied uniaxial
pressures, the spin susceptibility deduced from our Knight shift measurements is substantially
suppressed at 20 mK from the normal-state value. For unstrained samples, this result is therefore
inconsistent with the previously considered d = z(k, + ik,) order parameter, or indeed any odd-
parity state with an out-of-plane d. Since such order parameters have been widely postulated to be
relevant to SroRuQ, for over twenty years, this represents a major advance in our understanding of

this exemplar of unconventional superconductivity.

Although we can rule out specific odd-parity order parameters of the type described above,

we cannot rule out all odd-parity states on the basis of our NMR data alone. In Table 1, we present
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a broader summary of the expected Knight-shift changes for symmetry-allowed order parameters
in SroRuQy; a partial drop of the spin susceptibility is predicted in some cases. The magnitude
of the drop that we see is therefore important. The uncertainty in estimating the quasiparticle
background signal at By/B., ~ 0.5 also means that we cannot definitively distinguish odd-parity
order parameters with in-plane d-vectors (such as the A, 5, and B, 5, states in Table 1) from even
parity states at all measured strains. By reducing the measurement field to 0.7107 T, we obtain a
drop of 75% in the Knight shiftat¢,, = ¢,, see Extended Data Fig. 5. If that is all attributable to the
spin susceptibility it would indeed rule out all the triplet states listed in Table 1. For the unstrained
samples we observe a maximum Knight-shift reduction of approximately 50%, not inconsistent
with A, 9, or B 3, symmetry. We believe that further work on larger and more completely 170
enriched samples will enable determination of whether the true reduction is more than 50% in
the unstrained case. We note that reconciling with the independent observations of TRSB would
require some amount of fine-tuning or some unusual physics. For instance, one may consider a
situation in which, accidentally, the A, and By, states had nearly identical transition temperatures.
In that case, one may imagine forming distinct domains, some stabilizing the A, state, others the
B, state, and with non-trivial relative phases between such domains resulting in TRSB. Since
NMR is a local probe, domains of this kind would generally produce distinct line shapes which we
do not observe. In the even-parity sector, the tetragonal crystal field prevents in-plane paired states
such as d,2_,2 and d,, from having the same T, so the only plausible TRSB order parameter would
be of the form d,, =+ id,. (¥ chira 1n Table 1), an exotic state for which the Cooper pairing would

be between electrons in adjacent planes. For any bulk TRSB state, however, transition splitting
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under uniaxial pressure is expected. Since a split transition has not yet been observed, either in our
work or elsewhere »°, extending TRSB-sensitive measurements to strained SroRuQy, is a priority
for future work. Overall, these are exciting times for research on SroRuQ,, with the promise of a

fundamentally new framework with which to understand its enigmatic superconductivity.
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Main Figure Legends

Fig. 1: | Strain dependence of the upper critical field of SroRuO,. Bo(T — 0,£44),
determined by ac susceptibility measurements at base temperature, 7' = 20 mK. The increase with
compressive strain peaks at ,, thus closely following the trend of the critical temperature 7}, *.
Inset: Strain gradients become more pronounced at higher strain reaching about 0.1¢, at the van

Hove singularity. More details in Methods.

Fig. 2: | Knight shifts K vs. T, measured at the van Hove singularity (¢,, = ¢,). a,
The NMR spectra at applied field By = 1.9980 T and carrier fy=11.54 MHz. Shown are three
peaks corresponding to the O(1), O(2) and O(1’) sites (from left to right). Vertical lines indicate
normal-state (solid) and K = 0 (dashed) frequencies. b, The associated Knight shifts Ky, and K,

14
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show a pronounced reduction below 7.(By) = 2.6 K (see lower inset and Methods), evidencing a
drop of spin polarization M, in the superconducting state. Upper inset: Experiments with varied
pulse energy reveal a similar decrease of M below T . for ¢ = 0; details below, see Fig. 3. Error

bars correspond to 1/4 of the FWHM.

Fig. 3: | Zero-strain 'O NMR spectra of SryRuQ, for varying pulse energy. a, Free
induction decay (FID) measurements with varying pulse lengths d; < d/, (/2 corresponds to
E = 7.5 pJ) were applied at the nominal base temperature 7h,c = 20 mK, with By = 0.7107 T,
fo = 4.137 MHz. The O(1) and O(1’) peak shifts indicate smaller M, for smaller £. For each
site, the normal-state position is marked by the solid vertical lines; the estimated X = 0 position
is the dashed line. b, Energy (equivalently: tip angle /) dependence of O(1), O(1’) shifts. Inset:
The relative Knight shift reductions (normalized to normal state). Note that the three sites give

comparable reductions; uncertainties for O(2) site are not shown. Error bars defined like in Fig.

2b.

Fig. 4: | Transient effects following RF pulses, ¢,,=0. A short RF pulse of duration d;
is applied at time 7 = 0, followed by a low-power time-resolved cw measurement of the NMR
tank circuit phase-sensitive reflected power, which is an RF equivalent to a complex ac suscepti-
bility measurement. The data are presented as dpr vs. F, with dpr the changes to the reflection
coefficient, and £ the energy of the pulse. Both in-phase (IP) and quadrature (Q) parts of dpr are
strongly impacted, at short times 7, for larger energies £. No similar time-dependence is observed

when the sample is initially in the normal state.
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represent. basis func. Nodes | TRSB | xu0/xn
AL d = ik, + gk, No No 1/2
B1. d = ik, — gk, No No 1/2
Az d = ik, — Jk, No No 1/2
B, d = &k + Gk No No 1/2
B, Ya =k -k vertical No 0
Bo, Vg = kK, vertical No 0
E. d =% (ky % ik,) No Yes 1
E. d=k, (T +1i9) horizontal | Yes 1/2
E, VYenirat = k- (ks £1ik,) | horizontal | Yes 0

Table 1: Irreducible representations for selected allowed p— and d— wave order parame-
ters compatible with the Dy, symmetry of Sr,RuO,. The two E, states identified belong
to the same irreducible representation and can therefore coexist. Hence, the horizon-
tal nodes of the E, state with in-plane d-vector are not protected. Table entries for the
ground state susceptibilities x, apply to the case B || b, and ignore spin-orbit coupling.
Generally, the response vanishes in the case B || d #2627, In the presence of spin-orbit
coupling (SOC), spin is no longer a good quantum number. While SOC is relevant to
Sr,Ru0,%8, the presence of an inversion center and time-reversal symmetry in its normal
state leads to the conclusion that spin-orbit effects are important only near regions of ac-
cidental band degeneracy, which occupy a small fraction of the Brillouin zone, away from
those areas at which the density of states is maximised. Consequently, taking SOC into
account will not substantially affect the magnetic responses listed in the fifth column. xy

16
is the normal-state spin susceptibility.
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Methods

Experimental. The geometry of the experiment is shown in Extended Data Fig. 1. The crystal
structure consists of layers of corner-sharing O octahedra with Ru ions at the center of each. In
panel a, we illustrate the planar coordination (at the Y point of the Brillouin Zone) of hybridizing
Ru and O orbitals predominating the quasi-2D ~ band character. An in-plane magnetic field By || b
yields inequivalent O(1) and O(1’) sites with distinct Knight shifts. Uniaxial deformation along
the a-axis pushes the  states at £/ towards the Brillouin zone boundary (Extended Data Fig.1b)

giving rise to a van Hove singularity in the density of states !°.

High-quality single crystalline SroRuO, used for these measurements was grown by the
floating-zone method as described elsewhere 8. Smaller pieces were cut and polished along crystal-
lographic axes with typical dimensions 3x0.3x0.15 mm?, with the longest dimension aligned with
the a-axis. 17O isotope (}"] = 5/2, gyromagnetic ratio 17, = —5.7719 MHz/T ?°) spin-labelling
was achieved by annealing in 50% '”O-enriched oxygen atmosphere at 1050 °C for 2 weeks °. The
sample quality after annealing was confirmed by specific heat measurements which show 7, ~1.5

K, essentially the same as before annealing .

A piezoelectric-type strain cell (Razorbill, UK) was employed to generate the uniaxial stress,
and corresponding strain distortions along the a-axis. Sample mounting between clamping plates
included black Stycast 2850 (Loctite), with an effective compressive length about 0.9 mm. The
strain values ¢,, were estimated by a pre-calibrated capacitive dilatometer, and could reflect con-

siderable systematic overestimation. Previous estimates place ¢, ~ —0.6%. For NMR measure-
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ments, a small coil of ~23 turns is made around the sample with 25 ym Cu wire. In Extended
Data Fig. 1c we show the sample mounted in the strain cell where ¢,, || @ and By || b. The NMR
coil was wrapped around the free part of the crystal, thus covering only the non-glued area that is
subject to uniaxial stress. More information on strain-dependent NMR experiments on Sr,RuQO,4

can be found in Ref. '°.

NMR measurements were performed using a standard Hahn echo sequence with external
magnetic field parallel to b-axis. Two samples in total were measured in this work, denoted as S1
and S2 respectively. S1 was measured at fixed strain ¢, (7, = 77"**=3.5 K) and carrier frequency
fo=11.54 MHz (B, = 1.9980 T) at temperatures spanning both sides of 7,.. Two sets of measure-
ments on S2 were carried out. First, a fixed carrier frequency fy = 6.7 MHz (By = 1.1573 T) was
chosen, for measurements at temperatures 25 mK (SC state) and 4.3 K (normal state), as a function
of strain up to —0.58%. The second set of strain-dependent measurements in the superconducting
state (1" = 25 mK) was performed at f, = 4.137 MHz (By,=0.7107 T), followed by a detailed
study at zero strain. All measurements on S2 were performed using a dilution refrigerator (Oxford
Kelvinox, UK) with the entire strain jig, including the Sr,RuQO, crystal, immersed inside the mix-
ing chamber. The magnetic field value B, was referenced to the *He nuclear resonance condition
at fo. The mixing chamber temperature 7, = 20 mK was confirmed by a measurement of the

53Cu Ty (in the coil), and exploiting the accepted value 77 = 1.27 s-K.

NMR shift correction due to quadrupolar splitting. The NMR Knight shift, K, is generically
defined as the percentage of the shift of resonance frequency with respect to a reference frequency

fref=""vnBo, viz. f='7v,By(1 + K). However, an additional field-dependent correction is neces-
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sary for nuclei with 7 >1/2, due to quadrupolar coupling to the electric field gradient. On a relative
scale, the angle-dependent correction to the central transition is more important in weaker fields.

It was numerically evaluated by diagonalizing the nuclear spin Hamitonian

Hiy = Hz + Hg, (D
where
Hy =h',(1+ K)Bg -1 )
characterizes the Zeeman effect, and
eQV,. ~2 L2 a2
Ho=—-"="-13I, —1 I, —1 3

~

is the quadrupolar term. Here / is Planck’s constant, i:(fx, I, fz) is nuclear spin operator, () is
nuclear quadrupole moment, and n=(V,,—V,,)/V.. is the asymmetry parameter with V., V,,, and

V.. being the components of the electric-field gradient (EFG) tensor.

For our magnetic field values used in this work, the calculated corrections for different 17O

sites are listed in Table 2 (in unit of kHz).

Upper critical field measurements and estimation of strain gradients. As summarized in Fig. 1,
the upper critical field B., was determined at base temperature 7, = 20 mK by measuring the
field dependence of the power reflected from the NMR tank circuit. More specifically, the fre-
quency is set close to the tune/match condition. Variations in the reflection coefficient dpr relate
to changes in the complex load impedance. Consequently, the measurement is equivalent to an

ac susceptibility experiment, and is sensitive to screening current changes that occur, for example,
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when the system is driven from the superconducting to the normal state by the magnetic field.
B, is taken as the steepest slope at the transition midpoint, i.e., the maximum of d(dpr)/dBy,
as plotted in Extended Data Fig. 2a,b for the respective strain potential bias, Up;..,. The ’onset’
and "lower end’ values were defined as the kinks in the derivative d(dpr)/dB, above and below
B,s, respectively. The superconducting transition exhibits considerable broadening with increasing
compressive strain €,,. To model the apparently smeared transition, we assumed a Gaussian distri-
bution of strains, and used the resulting distribution in B, to generate the solid magenta curves in
Extended Data Fig. 2. The curves shown correspond to strain variations of 10% of the normalized
value, £,,/¢, (see inset of Fig. 1). The approach provided a self-consistent method for estimating

the relative importance of strain distributions, and suitably describes our observations.

Assessing the zero-strain position. The “zero-strain” condition attributed to the spectra shown
in Fig. 3 was determined by taking the minimum in B, as a proxy. Note that since there is
differential thermal contraction between strain device and sample, the strain-free condition needed
to be assessed in situ. The determination was carried out in two steps. First, for a range of discrete
values of piezo bias Uy, ranging to positive and negative values about 0 V, B (Upiezo) Was
determined using field sweeps and recording the reflected power, just as for the measurements
described in Fig. 1, and Extended Data Fig. 2. Example sweeps are shown in Extended Data Fig.
3a,b, from which the minimum was found to be near Up;.., = 0 V. A more accurate determination
was made by first setting the initial field to By (Upiczo = 0 V). That is, the conditions were set to
the transition midpoint as shown in the inset of Extended Data Fig. 3c. Then, changes in reflected

power were recorded on sweeping U, about zero. Here again, we found the zero-strain condition
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indistinguishable from Up;.., = 0 V. Thus, our experiments at low pulse energy indeed probe the

superconducting properties of SroRuQ, at zero strain.

Time-synchronous reflected power response. Our interpretation of the time-synchronous re-
flected power measurements were aided by comparable measurements carried out in variable field
conditions, with the goal to contrast normal- and superconducting-state responses. Results are
shown in Extended Data Fig. 4, where the applied pulse energies cover the range used for the
NMR measurements. First consider panel b, which documents a measurement of the power re-
flected from the NMR tank circuit as the magnetic field is varied to a strength exceeding B...
The jump at 1.3 T corresponds to the transition to the normal state. The evolution at lower fields
is presumably associated with the response of a changing vortex structure, including density and
characteristic length scales. The vertical dashed line is the measurement field for the spectra shown
in Fig. 3, By = 0.7107 T. Both components of Jpr, in-phase (IP) and quadrature (Q), show a pro-
nounced time dependence for large pulse energies. Our interpretation is that the sample under
study is initially responding as though it is in the normal state. The relaxation back to the static su-
perconducting state appropriate for the applied field occurs via a two-step relaxation process. First
it is normal for 7 < 100 us, followed by a slower relaxation on the order of a few milliseconds,
while in the superconducting state. The horizontal dotted lines in Extended Data Fig. 4 indicate
the values d pr(By) right above and below the superconducting transition, as well as the static state
at 0.7107 T. The longer time is likely due to changing vortex structure, motion and creep. No such

time dependence is observed if the sample is initially in the normal state.
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Strain-dependent NMR shifts. The results from strain-dependent studies of the NMR Knight
shifts are shown in Extended Data Fig. 5, with data from the superconducting state depicted by
open symbols (equilibrium temperature 20 mK), and from the normal state indicated by solid
symbols (equilibrium temperature 4.3 K) . In addition to the results from Fig. 2 (green; T =
20 mK, By = 1.9980 T), two different fields are shown for each temperature. The suppression of
Knight shifts K in the superconducting state reaches about 80% for strain near ¢, in the case of
By=0.7107 T (blue). The effect of superconductivity weakens on lowering the strain, as 7, and
B, both decrease. Since the spectra are generated by the standard echo sequence for these data,
the pulse energies are large — about £/ ~ 10 pJ, which is comparable to the top trace in Fig. 3 of
the main text. Thus, the results at low and zero strain correspond to the normal-state shifts, which
is very obvious in the 20 mK results at 1.1573 T (orange) that deviate from the 4.3 K data only
for £,, > €,/2. While the reduction of K is generally more pronounced for 0.7107 T, also these
data approach the normal-state values towards £,, — 0. Evidently, the impact of the pulse energy
decreases when the sample is strained because 7. increases and the heating effect is not sufficiently
strong to drive the crystal to the normal state. The results appear to vary continuously with applied
field and strain, hence they provide no indication for a first-order phase transition between different

superconducting order parameter symmetries.

Method References

29. Hoult, D.I. Sensitivity of the NMR Experiment (eMagRes,Wiley Online Library, 2007)

Data Availability Statement
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The data that support the findings of this study are available within the paper. Additional

informations are available from the corresponding authors upon reasonable request.

Extended Data Figure Legends

Extended Data Fig. 1 | RuO; plane, with d,, — p hybridizing orbitals and experimental
setup. a, Depiction of Ru d,,- and hybridizing O p-orbitals at the Y-point, which dominate forma-
tion of the v band. NMR shifts are measured at the O(1) and O(1’) sites. b, Compressive a-axis
stress shifts the v band Fermi surface to the zone boundary at Y. ¢, Image of the strain device. The
enlarged view highlights the Sr,RuQOy single crystal mounted between piezoelectric actuators, with
By parallel to the b-axis and a-axis compressive stress, €,,. The NMR coil covers the free part of

~ 1 mm length.

Extended Data Fig. 2 | Estimation of strain gradients. a, B, in Fig. 1 was determined
from magnetic field sweeps of the tank circuit reflected power. The broadening of the supercon-
ducting transition was modeled by a Gaussian strain distribution of half-width e /e, ~ 10% (pink
lines). b, The fitting curves also match with the corresponding derivative d(dp7)/dBy. For clarity,

only a subset of the measured fields is shown.

Extended Data Fig. 3 | Tuning the crystal to zero strain. a, Measurements of the reflected
power dpr at low strain indicate that B, has a minimum near Up;.,, = 0 V. b, The derivative
d(dpr)/dBy illustrates that B, associated with the largest rate of change at the transition midpoint

first decreases when reducing compression (Up;e., = —20 — 0 V), followed by a slight increase
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upon tensile strain (Up;e,, = 0 — +12 V). ¢, The coil impedance was measured at the transition
midpoint (B fixed at B., as indicated in inset), providing a sensitive measure of modifications
upon changing strain. In intervals of 20 V or less, B., was determined by a field sweep and after-
wards B, was set to the new transition midpoint. The results (solid blue squares) were corrected
for the different B, yielding one half of a parabola centered around [-10 V;10 V], very similar to

the strain dependence of 7T, * (dashed black line).

Extended Data Fig. 4 | Transient effects associated with normal-state response. a, The
transient components of reflected power are plotted as a function of pulse energy £ and time 7
after the pulse, cf. Fig. 4. b, The magnetic field dependence of reflected power was recorded at
E = 0.8 pJ. The changes in dpr(Byp) on increasing By from the measurement field (0.7107 T) to
By > B, match well with the time-dependent recovery in a, as indicated by the horizontal dotted
lines. Both channels (IP and Q) document a variation in d pr that results from a transition between

normal and superconducting states around 7 ~ 100 us.

Extended Data Fig. 5 | Strain dependence of 'O Knight shifts in superconducting and
normal states. Contrast of shifts in normal and superconducting states for strains covering the
range £,, = [0, €,]. The top and bottom parts of the panel show the O1’ and Ol sites, respectively.
Normal state is indicated by solid symbols (black and red) recorded at 4.3 K and two different
field strengths '°. Open symbols correspond to an equilibrium temperature of 20 mK, hence within
the superconducting state for sufficiently high 7. realized by large strain and small magnetic field.

Blue and orange symbols correspond to field strengths 0.7107 T and 1.1573 T, respectively. The
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a0 results from By = 1.9980 T are shown in green (¢, = €,; cf. Fig. 2).
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B (T) fres (MHZ) O(1)y O(1"). O(2)s

0.7107 4.0980 1.0 57.5 43.0
1.1573 6.6798 0.8 36.0 26.7
1.9980 11.5323 0.5 20.4 15.6

Table 2: Quadrupolar corrections, in kHz, to central transition resonant frequencies
f = 1'"~,B,, for the three oxygen sites and field strengths applied along the b-axis. The

listed values apply to the zero strain case, and we have used '7v,=5.772 MHz/T °.

26



