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Unambiguous identification of the superconducting order parameter symmetry of SroRuO4 has
remained elusive for more than a quarter century. While a chiral p-wave ground state analogue to
superfluid *He-A was ruled out only very recently, other proposed p-wave scenarios are still viable.
Here, field-dependent 7O Knight shift measurements are compared to corresponding specific heat
measurements, previously reported. We conclude that the shift results can be accounted for by the
expected field-induced quasiparticle response only. An upper bound for the condensate magnetic
response of < 10% of the normal state susceptibility is sufficient to exclude odd-parity candidates.

Unraveling the secrets of the superconducting state in
SroRuOy4 [1-3] has been a priority for unconventional su-
perconductivity research since its discovery in 1994 by
Maeno and coworkers [4]. Particularly notable among
several reasons for broad interest in SroRuO4 was the
suggestion of a p-wave triplet pairing state [5]. Among
states allowed by symmetry is the chiral state z(p, £ip,),
which breaks time reversal symmetry and therefore re-
quires two components. Soon after, the combination of
results from NMR, Knight shift [6] and pTSR [7] mea-
surements lent support to the chiral p-wave description.
Further evidence was inferred from the observed onset of
a non-zero Kerr rotation at T, [8]. Unresolved issues re-
mained, however. For example, thermal conductivity [9]
and specific heat [10] experiments were both interpreted
as evidence for a nodal gap structure [3]. In a step toward
clarification, recent 17O NMR measurements excluded
any candidate p-wave state with a d-vector aligned par-
allel to the c-axis [11, 12]. The NMR results published
so far leave open the possibility for states with an in-
plane d, as has since been explicitly discussed in several
theoretical works [13-15].

With these developments in mind, we recall other phys-
ical properties of SroRuO,4 deemed relevant to the order-
parameter symmetry. Recognized early [4, 5] was the
evidence for ferromagnetic correlations, as originally in-
ferred from the measured Wilson ratio exceeding unity.
Meanwhile, quantum oscillations [16], ARPES [17, 18],
and optical conductivity experiments [19] all indicate
modest normal-state mass enhancement. At the same
time, an unconventional ground state was indicated by
its very strong suppression with non-magnetic impuri-
ties [20]. Thus, SroRuOy4 constitutes a model system
for the emergence of an unconventional superconducting
state at low temperature, from a strongly correlated and
ultraclean Fermi-liquid normal state.

The temperature and field dependences of the NMR

Knight shifts K (T < T¢,B) are a crucial probe of the
order-parameter symmetry, in particular for SroRuQOy.
In the normal state, Ky ~ x,, with x,, the susceptibility.
In the superconducting phase, a nonzero susceptibility
Xse associated with condensate polarization is expected
generally for triplet-paired, p-wave states. Hence, the
observed reduction of the Knight shift for an applied in-
plane field excludes the chiral state [11], for which d || c.
Not eliminated are states characterized by d L c.

At first sight, the most direct way to test for symmetry-
allowed states with d L c is to perform measurements
with B || ¢. However, the relevant upper critical field
Bea ooy < 1 kG is very small [21] making such exper-
iments particularly challenging because signal strength
and spectral resolution are reduced for very weak ap-
plied fields. Here, we take another approach, discussed
previously in Refs. [12, 22]: the field orientation is fixed
in-plane, and the 17O shifts K, are evaluated at low tem-
perature (25 mK) while varying B as much as experimen-
tally feasible. Quasiparticle creation is controlled by the
field strength, and also contributes to the magnetic re-
sponse. By way of comparing to previously reported spe-
cific heat results C.(B)/T [10, 23|, we estimate the up-
per bound for the condensate portion to xsc/xn < 10%,
a value that contradicts the expectation for any of the
pure p-wave order parameters relevant for SroRuQg.

As in previous NMR studies on SraRuOy [6], the la-
belled 17O (171=5/2, 'Ty=-5.772 MHz/T [24]) is intro-
duced by high-temperature annealing [6], here in 90%
704 atmosphere at 1050 °C. To facilitate access to
relatively low frequencies covering several octaves, we
adopted a top tuning/matching configuration. Single-
crystal dimensions were (3.5 mm x 1 mm x 0.2 mm),
with the shortest dimension corresponding to the out-of-
plane [001]-direction, and the longest dimension parallel
to [100], see Fig. 1(a). The NMR coil containing the
crystal under study, was mounted on a single-axis piezo-
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rotator inside the mixing chamber of a bottom-loading
dilution refrigerator. Sample alignment enabled in-plane
orientation to within +0.2°, based on RF susceptibility
measurements sensitive to B.a, described in Ref. [11], and
discussed in the Supplemental Material [25]. %3Cu NMR
relaxation rate measurements were used to determine the
equilibrium bath temperature 7' = 25 mK. As in our pre-
vious work [11], low-power RF experiments were carried
out to make sure the results were not measurably altered
by RF pulse heating effects. The applied field strength
B was determined to within uncertainties less than 10’s
of uT from the NMR resonance of 3He in the *He/“He
mixture of the dilution refrigerator.

Addressed first are sample heating effects by the RF
pulses, illustrated in Fig. 1, which turned out to be a
crucial issue [11, 12]. So as to enhance sensitivity to
this potential artifact, we examined the transients with
the field set to 1.38 T, a value just smaller than B.s.
Clear evidence for warming by the RF pulsing is in-
ferred from a transient response corresponding to that
of the normal-state (instead of the sought-after super-
conducting state). Shown in Fig. 1(b,c) are 17O spectra
corresponding to central transitions for the three sites,
O(1),2,11), at applied magnetic fields slightly above and
below B.y. While at 1.5 T > B, the line shape remains
unaffected by changing the pulse energy, a normal state
spectrum is produced also at 1.38 T < B.2 when using
a pulse energy E, = 130 nJ. Decreasing £, to 40 nJ
leads to a response where a new spectral line appears for
each site, indicating the coexistence of normal and super-
conducting phases. This data set is particularly useful,
since the macroscopic phase segregation provides a quan-
titative measure of the magnetization jump AM at the
discontinuous (first-order) transition [26, 27]. Note that
these data are recorded following a single-pulse excita-
tion. That is, the transient NMR response corresponds
to a free induction decay (FID). All shift results of the
present work were obtained from FID measurements car-
ried out with RF pulse energies low enough to avoid heat-
ing, as illustrated in Fig. 1(d).

Having established a threshold for heating effects,
we now inspect the spectra recorded at variable field
strength. In Fig. 2 we show the NMR intensity as a
function of f — fo, where fy ='"yB. The central tran-
sitions (—=1/2 <— 1/2) for the O(1,2,1.) sites [left to
right in the spectrum] exhibit pronounced variations with
changing B. The shifts of the planar sites O(1)) and
O(1,) have opposite sign; this is a consequence of the
applied field direction relative to the local environment.
O(2) is the apical site [Fig. 1(a)]. The dotted curves in-
clude only the quadrupolar and orbital contributions for
each site, while omitting the Knight shift contribution;
more information on these corrections appear below and
in Ref. 25. Open symbols line up with these spectral
“baselines” at each field at which data were recorded.
Also shown, using the dashed lines and closed symbols,
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FIG. 1. (a) Sr2RuOy4 involves three distinct oxygen sites for
field direction B || [100]. (b) The three associated **O NMR
central transitions (O(1)), O(2), O(1L) from left to right) are
independent of pulse energy £}, at 1.50 T > B.o ~ 1.45 T.
(c) Also at B = 1.38T < B2 the normal-state spectrum is
observed for E, > 1077 J. Reducing to E, = 40 nJ leads
to doubled spectral features, most pronounced for O(1 1),
which we assign to coexisting normal (dashed vertical lines)
and superconducting (solid) contributions around the first-
order transition. Further reduction of E, reveals the pure
superconducting-state spectrum. (d) O(1.) frequencies nor-
malized to normal-state (fnormai) and zero-shift (fx,—o; see
Fig. 2) positions at B < Beo for variable E,. Linear fits
(solid lines, see inset) indicate that heating is less problem-
atic at lower field due to larger Tc(B). Knight shifts K, were
determined using the frequency values leveling off at E, — 0.

are transition frequencies at each field, generated using
the known normal state NMR parameters [25]. Then, the
frequency differences between closed and open symbols
are proportional to the hyperfine fields, and constitute
the product of (normal-state) Knight shifts with applied
ﬁeld, Ks,norma117'YB, for 0(1”), 0(2) and O(lL). When
decreasing the field B < B.s, the NMR lines in Fig. 2
are displaced from the normal-state positions, towards
the frequency corresponding to Ky = 0, due to the drop
of K, in the superconducting state. Below, we compare
and contrast the measured shifts K with results of field-
dependent specific heat experiments, which are sensitive
to the field-induced quasiparticles.

The parameters needed to make the quadrupolar cor-
rections were determined previously [6, 28, 29] and con-
firmed here in field-dependent measurements [25]. In par-
ticular, we determined the field orientation as deviating
3° from the [100] direction, and otherwise aligned or-
thogonal to the c-axis, # = 90° 4+ 0.2°. Due to several
factors, including reduced signal strength and resolution,
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FIG. 2. Spectra for central 17O NMR transitions at different
field strengths, for O(1)), O(2), O(1L) sites, respectively left-
right, plotted as intensity vs. f—'7vB. The dotted curves
running vertically through the spectra follow the expected
field dependence after taking into account quadrupolar and
orbital couplings; the dashed curves also include the normal-
state hyperfine fields. See Ref. 25 for details of quadrupolar
and orbital contributions to the transition frequencies, as well
as an analysis of the sample orientation relative to B.

as well as the strong increase of the O(1)) quadrupo-
lar component at low fields, we limited the measure-
ments to B > 0.24 T. In addition to the well-known
quadrupolar effects, one has to include purely orbital
contributions. These were evaluated in Ref. [6], yielding
K, = +0.18% for the O(1)) site and a value indistin-
guishable from zero for O(1) and O(2). See Ref. 25 for
further comment.

The shifts K| 2,11, are plotted as a function of B in
Fig. 3. Results are shown in panel (a) as total shift,
K = Kg + K,. In the normal state, Ky < 0, while
K511 > 0; each exhibits a reduction in the supercon-
ducting state. B.a is marked by the discontinuous change
of each of the three sites, accompanied by a coexistence
regime [cf. Fig. 1(b,c)]. Consistent with expectations
(B > Bc1) [31], the results indicate that diamagnetic
shielding is a small effect. Otherwise, the discontinuous
drop AM (Figs. 1,2) would be similar for all three sites.
Instead, only the hyperfine field, which is much greater
for the planar sites than it is for the apical site, and
opposite in sign for O(1)) relative to O(2) and O(1.),
decreases on entering the superconducting state.

The main results of this work are displayed in Fig. 3(b),
where the Knight shifts are compared to previous heat
capacity results 23], C.(B)/T (C. the electronic contri-
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FIG. 3. (a) NMR shifts K = K, + K, determined from the
spectra in Fig. 2. While the shifts are positive and the as-
signed K, ~ 0.0% for O(2) and O(1.), the O(1)) line occurs
at a positive value K, = 0.18% at B =0 and K; < 0 [6, 28].
(b) The field-dependent drop of NMR Knight shift determined
in the present work at T" = 25 mK is compared to specific heat
C/T recorded at T' = 90 mK [23] as well as its 7' = 0 extrapo-
lation [30], all normalized to the normal state value. The val-
ues of K coincide with the zero-temperature extrapolations
of C/T, providing compelling evidence that this is the con-
tribution of unpaired quasiparticles in the superconducting
state. Measurements along [110] (small open symbols) reveal
a similar jump at the transition and also uniaxial strain re-
sults (open cyan symbols, B || [100], £qq = £4) from Ref. 11
coincide at low B/Bea.

bution), both normalized to the normal state. As shown,
the field-induced trends are similar, and particularly rele-
vant to the open question of order-parameter symmetry.
Simply put, at non-zero field, a Zeeman-like NMR re-
sponse can originate from quasiparticles, and, in the case
of triplet pairing, also from the condensate. In contrast,
the specific heat is sensitive only to the quasiparticle re-
sponse with no contribution from the condensate. As
can be seen by inspection of Fig. 3(b), we observe no
systematic difference between the T' — 0 extrapolation



of the heat capacity data of Ref. [23] and the spin suscep-
tibility deduced from our measurements. Taking into ac-
count systematic uncertainties primarily associated with
the oxygen orbital shifts K,, we estimate an upper limit
for the condensate response of < 10% of that of the nor-
mal state, for fields applied both along [100] and [110]
(see Ref. 25 for comments pertaining to K,). Similar
Ky),. are found at B/B. = 0.17 under strained condi-
tions [11], where K, is less of an issue due to larger field
resulting from the enhanced T, and B, [32]. These ob-
servations place such strong constraints on the magnetic
polarizability of the condensate that we believe that they
rule out any pure p-wave order parameter for the super-
conducting state of SroRuQy, as we now discuss.

The p-wave order parameters most commonly dis-
cussed in the context of SroRuQy4 are the so-called chiral
(z(ps £ ipy)) and helical (p,%x + p,¥) states. Assuming
that the unit vectors encoding spin directions are pinned
to the lattice, they are predicted in the simplest models to
result in condensate polarizabilities of 100% (chiral) and
50% (helical) of the normal state value. The chiral state
was ruled out by our previous work [11], but the helical
state and certain others were not. The data presented in
Fig. 3 allow us to go much further. Even after considering
Fermi-liquid corrections [12] and the effects of spin-orbit
coupling [14], it is unclear how to reconcile an upper limit
of 10% of the normal state susceptibility with any p-wave
state. One could also postulate extreme situations such
as a momentum independent d aligned along either [100]
or [110], or an unpinned d free to rotate in response to
the applied field. None can predict a spin susceptibility
suppression that would be compatible with our results;
a few remaining possibilities have been ruled out by our
use of both [100] and [110] fields in the current experi-
ments. We therefore assert that our measurements have
ruled out any pure p-wave order parameter candidate for
the superconducting state of SroRuQy.

Given this input, we close with an evaluation of the
current understanding of superconductivity in SroRuOy.
In isolation, our NMR findings are consistent with
even-parity states, such as dy2_,2 (Big), dyy (Bag) or
{dyz;dys} (Erg). Indeed, STM measurements are inter-
preted as most consistent with the Bi, state [33], similar
to thermal transport experiments [9]. Accordingly, C./T
follows the expected v/B dependence [34] in the zero-
temperature limit.

However, several other experiments must be accounted
for. These include recent ultrasound reports of a discon-
tinuity in the elastic constant cg6 [35, 36], which would re-
strict possible states to two-component candidates, such
as {dgs;dy.}. Time-reversal symmetry breaking may
prove crucial [37]. Following the two-component hypoth-
esis, while avoiding a reliance on interplanar pairing, has
led to considering the possibility for coupling between
accidentally nearly degenerate single-component states
such as {dg2_y2; guy(22—y2)} [38-40]. It will be intriguing

to see how the quest to finalize identification of the or-
der parameter of SroRuQ,4 develops. We believe that by
ruling out any pure p-wave order parameter possibility,
the research we have reported here makes a significant
contribution to that process.

Note added: We recently learned of a proposal [41] for
a mixed-parity order parameter of the form d =+ ip [41],
which would result in a reduced condensate response, rel-
ative to those of the the pure p-wave states discussed
above. For example, Ks/K, ~ 0.2 (chiral p-wave com-
ponent), Ks/K, ~ 0.1 (helical p-wave component). The
latter is at the upper bound of the sensitivity of our
present experiments.
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The discontinuous transition at B.o(T — 0)

While at low temperature there is good evidence that the thermal and magnetic responses both originate from
field-induced quasiparticles, the thermodynamic discontinuities at the first-order transition at B.o(T') were previously
explored in some detail [22, 26, 27]. These are thermodynamically constrained, expressed as the appropriate Clausius-
Clapeyron relation, e.g.,

dB.  AS
dT, ~  AM’

While AM is the total magnetization and includes diamagnetic shielding, it is dominated by the hyperfine part
in SroRuOy [22, 31]. The phase transition was found discontinuous for 7' < 0.8 K, with specific heat [27] and
MagnetoCaloric Effect [26] measurements extending to temperatures as low as 90 mK. At 7' =200 mK, the entropy
jump is quoted as 10% of the normal state value, AS = (0.1)yyT., where v,= 37.5 mJ/mol-K2. Also reported at 200
mK, dB.y/dT.= -0.2 T/K. These combined results lead to the expectation AM (200mK) ~ .6 — .7x;, Be2 (T = 200mK.

Since in these cases the Zeeman energy is much larger than the thermal energy scale, the fractional entropy of
the transition is not expected to be strongly temperature-dependent. In that case, the magnetization discontinuity
inferred from the measurements reported here compare favorably. That is, the experiments indicate a slightly smaller
discontinuity, AM; ~ 0.4, Bea with s 2~ 0.9(10)~3 emu/mole.

Comment on the orbital shift for 17O

The 7O orbital shifts K, are of considerable importance here, since we use them to reference the Knight shifts
Ky(1),11,2) relative to “0”. Generally, K, can extend to greater than +1500 ppm in oxygen-containing molecules,
that are dominated by the paramagnetic term, and are linked to an increased 2p-bonding order [42]. In this case, the
2p — o non-bonding orbital is ~ 3/4-filled, and the bonding 2p — 7 orbitals of most interest here, are ~ 7/8 filled [29].
in Ref. [6], the orbital shifts K,(1,,2) were emprically found neglibibly small by way of a so-called K — x plot, where
temperature is an implicit parameter. In a similar fashion, K, (1)) ~ 0.18%. These values were applied to the analysis
leading to Fig. 3, although we used K,(2) = 0.02%. More specifically, if K, (1)) is taken as vanishingly small, the
Knight shift K(1)), originating dominantly with the p — 7 orbitals, acquires the wrong (unphysical) sign. See Fig.
3(a), where total shift is seen to change sign as the field-induced quasiparticle density is monotonically increased with
the field strength.

The paramagnetic orbital shift for O(1)) implies it follows from the specific unquenching of the angular momentum
in the p — 7 states. These states, in hybridizing with the Ru t5, orbitals form the bands «, 3, v crossing the Fermi
surface. Thus, the perturbative methods applied somewhat successfully to the cuprate superconductors [43] may be
less useful here.

Note also that if we adopt K (1,) > 0, a similarly unphysical field-dependent sign change is imposed on the
corresponding hyperfine part, and the diamagnetic part is expected less than .02%. This is the clearest constraint on
setting the stated upper bound to the condensate fraction of the shift to < 10% of Knormai-

Finally, more relative uncertainty is associated with the O(2) site. K,=0.0% was assumed in Ref. [28]. Here, we
took it as +0.02%, also small on the scale of oxygen paramagnetic orbital shifts, and just 25% compared to inferred
normal state hyperfine (Knight) shift. Using this value, the results for O(2) match those for O(1;,11).



Nuclear Hamiltonian Parameterization

For the 7O nucleus with spin I = g, the nuclear spin hamiltonian consists of two parts:

H=Hqg+ H, (S1)
H,=~I-(1+K)-B (S2)
e - -
Hy=——" __T.V.I
@7 2I2I—1)h v (83)

where H, is the Zeeman interaction and Hg is the nuclear quadrupole interaction. K = K, + K, is the total shift
tensor, including both orbital and hyperfine contributions. @ is the electric quadrupole moment of the nucleus and
V is the electric field gradient (EFG).

The quadrupolar term has the general effect of splitting the degenerate Zeeman transitions, resulting in 27 resonance
frequencies. Thus, in the case of SroRuO,4, which has three distinct oxygen sites under the application of in-plane
field (Bl|a), we expect a full 17O spectrum of 15 lines.

By measuring these NMR lines, one can probe the electronic spin susceptibility x of the material via the strength
of the hyperfine interaction (K). However, as Equations (1-3) imply, this effect must be differentiated from the other
interactions contributing to the total Hamiltonian. If the parameters defining the nuclear quadrupole interaction are
known, this can be readily done. Fortunately, the hyperfine shift, orbital shift, and EFG tensors are all independent
of field in the normal state, making it possible to determine these parameters experimentally. So, by measuring
all fifteen 17O resonances at various fields in the normal state (B > B.2), one can overdetermine the normal state
shift tensor K, o, and the EFG tensor V. Then, since the quadrupolar and orbital shifts are independent of the
superconducting phase transition, any discrepancy between the expected and measured resonance frequencies below
B can be directly attributed to changes in K, hence the spin susceptibility.

The nuclear spin Hamiltonian is canonically expressed in the principle axes system (PAS) of V', using the convention
for the diagonal entries V., > V., > V,,,. By doing this, the quadrupolar part can be written compactly as:

Ho = =212 = I + (1} - 1)] (s4)

where, vg is the principle axis NQR frequency, proportional to V., and 7 is the asymmetry parameter given by
(Vaz —Viyy)/ V.. Since the shift tensor is also diagonal in this frame for all three oxygen sites in SroRuOy, the Zeeman
term can be expressed as

H, = y[By(1+ Kya) L + By(l + Kyy)ly +B.(1+ K..)L] (S5)

where B is also written in the EFG basis.

With the Hamiltonian written in this form, there are 7 parameters to be determined for each oxygen site: vg, n,
the three PAS components of K, and the two angles relating B to the EFG frame, 6 and ¢. However, as explained
below, both the angles determining B can be measured independently— leaving only 5 parameter to be determined
via normal state measurements.

Sample Alignment With Respect to Magnetic Field Direction

First, the out-of-plane angle can be determined independent of the NMR spectrum by utilizing the extreme
anisotropy in the upper critical field for B|lab and B||c. Bz reaches a maximum of around 1.45 T with the field
aligned directly in plane [26]. As mentioned in the main text, the NMR coil containing the sample is mounted on
a piezoelectric step rotator with rotation axis perpendicular to the applied field. By activating the piezo until B.o
reaches a maximum, the in-plane condition can be aligned to within £0.2°. The angle dependence of B.s is shown in
Fig. S1.

The in-plane angle is then checked by a posteriori visual inspection of the sample mounting using a microscope to
view the sample orientation. While the in-plane condition was verified by anisotropy of B.s in Fig. S1, a 3° angle is
found between the long axis of the single crystal and the magnetic field direction.



T T T T T T T T T T T

1.0 4
3
E..
N

@ 09 |- -
R

m - -4

08 L — Ref. [S1] i

B present work
1 1 1 1 1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

FIG. S1. The angle dependence of the upper critical field Bc2, determined from the field-dependence of the coil inductance [11],
was measured with a piezo-electric rotator (blue symbols). Bc2(0) is plotted in units of the maximum value Be2,mae = 1.42 T.
The data agree well with specific heat results from Ref. [26] where Be2,maz ranges from 1.41-1.45 T for different samples and
field-sweep conditions. The in-plane condition is satisfied to £0.2° for our sample.
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FIG. S2. Numerically calculated transition frequencies (dashed lines) compared to measured resonance frequencies (symbols)
at different fields for (a) central transitions of the three oxygen sites and (b) central and satellite transitions of O(1,).

Normal-State Measurement of Hamiltonian Parameters

The remaining parameters are determined by fitting the output of a numerical diagonalization of the exact Hamil-
ton to experimentally measured 17O NMR transitions at three fields greater than B, (B=1.6T, 4.6T, 8T). The
quadrupolar parameters for SroRuO4 have been investigated on a different crystal in a previous study [29], and were
used as a starting point for the fit. A comparison of the best fit calculation to the experimental normal-state line
positions are shown in Fig. S2. The fit reproduces the measured resonance frequencies extremely well, with an average
error of less than 1kHz across the three fields. The parameters extracted from the best fit are given in Table S1.
These values are consistent with previously published results [44].
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Shift (%) NQR frequency (MHz)|Asymmetry
O(1)
Ky =-0.12 |vg =0.765 n=0.174
Ky = +40.509
0(2)
Koap = +0.082 |vg = 0.6065 n=20

TABLE S1. List of best fit Hamiltonian parameters for the different oxygen sites with § = 0° and ¢ = 3°. The two planar
oxygen sites O(1) and O(1’) are identical without applied field and are labeled O(1). With the field aligned in the Ru-O plane

(6 =0°), just two components of K are relevant for the O(1) site while only one is relevant for the O(2) site.
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FIG. S3. Difference between calculated and measured resonance frequencies, Af = fezp — feaic(¢) is shown for (a) B = 1.6,
(b) 4.6 and (c) 8.1 T. The experimental data (Af = 0) are shown at the respective frequency for O(1}), O(2), O(1L) in blue,
green and red colors, respectively. The calculated results at ¢ = 0°, 3° and 5° in-plane angle with respect to B || [100] are
indicated by crosses, minus and plus signs in dark grey, black and light grey color, respectively. On the right we illustrate the
maximum deviations from the experimentally determined peak positions. The angle dependence becomes most pronounced at
low fields, where ¢ = 3° provides the best fit at B = 1.6 T. The accumulated rms error is smallest for ¢ = 3° at all fields.

Discussion of in-plane angle uncertainty

Due to the weak dependence of the quadrupolar term on in-plane angle near 0° at high field, it is possible to
accurately fit the normal-state spectra for a range of in-plane angles (~ 0° —5°). This is illustrated in Fig. S3, which
shows the deviation between the predicted and measured frequencies for all 7O transitions using 0°, 3°, 5° in-plane
angle fits; the predicted normal-state frequencies differ only by +1 kHz between the fits for B = 1.6-8 T. While the
overall deviations are smallest for ¢ = 3° (which was used for NMR shift analysis), any systematic error introduced
by uncertainty in the in-plane angle should be examined.

While for fields B > B, the effect of in-plane angle is small, it can have a strong impact on the expected normal-
state position at lower fields. As such, this affects the ability to extract K/K,orma for B — 0. To illustrate this, the
resulting K/ K, ormal are shown for best fits using the three in-plane angles ¢ = 0°, 3° and 5° in Fig. S4. The O(1))
site shows a particularly strong dependence on ¢: the 0° and 5° fits produce unphysical behavior, with K, exceeding
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the normal-state value for ¢ = 0° and changing sign for ¢ = 5°. The O(1 ) site has a much weaker dependence, but
still shows unphysical behavior for angles deviating from 3°. This gives further confidence in the visually determined
3° angle, but also shows that the O(1,) site is more robust to a small angle systematic error in evaluating the Knight
shifts. Additionally, it should be noted that the apical O(2) site, although having much weaker hyperfine coupling, is
completely independent of the in-plane angle due to its axial symmetry, avoiding this issue altogether.
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FIG. S4. Difference between extracted Ky /Kyormar for in-plane angles ¢ = 0°, 3° and 5° with respect to B || [100]. (a) ¢ = 0°
and 5° yield strong deviations for KlH with non-physical behavior Ks < 0 and Ks > Knormal- (b) Due to generally larger
Knight shift, the variations of K; | are less pronounced, yielding more robust values. Still, the non-monotonous behavior upon
lowering B for 5° is not meaningful, and also the susceptibility values smaller (0°) than the quasiparticle contribution from

specific heat, Ks/Knormai < C/Crormal [23], are unphysical. Altogether, we conclude upon an in-plane angle ¢ = 3° from
[100], consistently used in this work.



