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EXPERIMENT DIR-183 ON IN20 IN JUNE 2019
THE NATURE OF THE SUPERCONDUCTING STATE IN Sr2RuO4

A. Abstract
Sr2RuO4, a strongly correlated oxide metal, has been considered as a solid state equivalent

to superfluid 3He-A [11] with time reversal symmetry breaking [10] and odd-parity order
parameter since its superconducting state was discovered [12]. This was underpinned by
NMR Knight shift K [9] and polarized neutron scattering (PNS) [3] measurements which
observed no drop in the spin susceptibility χspin in the superconducting state. Recent 17O
NMR measurements with uniaxially applied strain [5] shown a small change in K and
observed that previous work suffered from sample heating. Here we report a repetition
of our previous PNS experiment at significantly lower magnetic field H and with higher
statistics. We observe a drop of ≈ 34% in susceptibility χ in the superconducting state
relative to the normal state for H ∥ [010].

B. Experimental details
PNS [7] measurements were carried out on a single crystal of Sr2RuO4 (C117) with

dimensions of 1.5×2×5mm3 mounted in a dilution fridge with 2.5T magnet on the three-
axis spectrometer IN20. To improve thermal conductivity the sample was mounted on a
copper mount and directly connected by two 1mm2 wires to the sample stick (see Fig. 1a).
The critical temperature of our sample is Tc =1.47 K and the critical field µ0Hc2 =1.44 T.
After characterisation of the polarisation in- and outside the superconducting mixed state the
analyser was removed to increase statistics. The data were collected at the (101) reflection
at 60mK and 1.5K with µ0H from 0.5T to 2.5T with H ∥ [010]. The data are normalised
on time where the polarisation was flipped every 11 s to reduce effects from long term
fluctuations of the reactor. Data sets with visible disturbances in the monitor counts are
excluded. The normal state was primarily studied at 2.5 T to improve signal to background
while the superconducting state χ was probed at 60 mK and 0.5 T for about 52 h or
26 h per polarisation. Correction for non-unity beam polarisation, non-linear detector and
background/dark counts are included in any analysis.

C. Results
The flipping ratio R in a paramagnet is R = I↑↑/I↓↓ ≈ 1 + 4FM/FN(Q) where FM is the

magnetic and FN the nuclear structure factor. We observed non-unity flipping ratios under
all applied conditions meaning Sr2RuO4 always has non-zero χ.
Remarkably, unlike our previous PNS measurement [3] we detected a reduced susceptibility
in the superconducting state (see Fig. 1c for comparison). This is qualitatively consistent
with recent 17O NMR measurements on Sr2RuO4 which shown a small change in K between
the normal and the superconducting state, for the in-plane oxygen positions [5, 8]. Notably,
those oxygen sides do not contribute to the (101) reflection instead effectively only χ on
the Ruthenium side is probed. We refer the differences to our previous study to density of
states induced by vortices in the mixed state, a large zero field residual value and better
statistics (see Fig. 1d). We are unable to make quantitative statements about the zero field
residual as we are still far away from zero field limit. However, our data points towards a
large residual for an isotropic gap superconductor possibly due to spin-orbit coupling or to
a low residual for a (near-)nodal superconductor (see Fig. 1d). Our results are consistent
with singlet superconductivity and triplet superconductivity with an in-plane d-vector. For
further statements about triplet or singlet paring precise data near the zero field residual or
close to the critical field might be of help.
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D. Conclusions and publication of this work
Reduced χspin on the Ruthenium side of highly topical superconducting Sr2RuO4 was

observed in PNS for fields applied in the ab-plane which is in disagreement with previously
accepted triplet paring. The data supports singlet pairing or triplet pairing with an in-plane
d-vector. The results of this study are submitted to Physical Review Letters [4] and will
also contribute to the PhD thesis of Alexander.

[1] P. W. Anderson and P. Morel. Generalized Bardeen-Cooper-Schrieffer States and the Pro-
posed Low-Temperature Phase of Liquid He3. Phys. Rev., 123(6):1911–1934, 1961. doi:
10.1103/physrev.123.1911.

[2] C. Caroli et al. Bound Fermion states on a vortex line in a type II superconductor. Phys.
Lett., 9(4):307–309, 1964. doi:10.1016/0031-9163(64)90375-0.

[3] J. A. Duffy et al. Polarized-Neutron Scattering Study of the Cooper-Pair Moment in Sr2RuO4.
Phys. Rev. Lett., 85(25):5412–5415, 2000. doi:10.1103/physrevlett.85.5412.

[4] A. N. P. et al. Reduction of the spin susceptibility in the superconducting state of Sr2RuO4

observed by polarized neutron scattering. arXiv:2002.02856 (submitted to Phys. Rev. Lett.),
2020.

[5] A. P. et al. Constraints on the superconducting order parameter in Sr2RuO4 from oxygen-17
nuclear magnetic resonance. Nature, 574(7776):72–75, 2019. doi:10.1038/s41586-019-1596-2.

[6] S. K. et al. Searching for Gap Zeros in Sr2RuO4 via Field-Angle-Dependent Specific-Heat
Measurement. J. Phys. Soc. Jpn., 87(9):093703, 2018. doi:10.7566/jpsj.87.093703.

[7] S. M. HAYDEN, M. ENDERLE, A. PETSCH, and M. ZHU. THE NATURE OF THE
SUPERCONDUCTING STATE IN SR2RUO4, 2019.

[8] K. Ishida, M. Manago, and Y. Maeno. Reduction of the 17O Knight shift in the Supercon-
ducting State and the Heat-up Effect by NMR Pulses on Sr2RuO4. arXiv: 1907.12236, 2019.

[9] K. Ishida et al. Spin-triplet superconductivity in Sr2RuO4 identified by 17O Knight shift.
Nature, 396(6712):658–660, 1998. doi:10.1038/25315.

[10] G. M. Luke et al. Time-reversal symmetry-breaking superconductivity in Sr2RuO4. Nature,
394(6693):558–561, 1998. doi:10.1038/29038.

[11] Y. Maeno et al. Superconductivity in a layered perovskite without copper. Nature, 372(6506):
532–534, 1994. doi:10.1038/372532a0.

[12] T. M. Rice and M. Sigrist. Sr2RuO4: an electronic analogue of 3He? J. Phys.: Condens.
Matter, 7(47):L643–L648, 1995. doi:10.1088/0953-8984/7/47/002.

[13] G. E. Volovik. Superconductivity with lines of GAP nodes: density of states in the vortex.
JETP Lett., 58(6):469, 1993.

[14] H. Won and K. Maki. d-wave superconductor as a model of high-Tc superconductors. Phys.
Rev. B, 49(2):1397–1402, 1994. doi:10.1103/physrevb.49.1397.

[15] K. Yosida. Paramagnetic Susceptibility in Superconductors. Phys. Rev., 110(3):769–770, 1958.
doi:10.1103/physrev.110.769.

2

https://doi.org/10.1103/physrev.123.1911
https://doi.org/10.1103/physrev.123.1911
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1103/physrevlett.85.5412
https://doi.org/10.1038/s41586-019-1596-2
https://doi.org/10.7566/jpsj.87.093703
https://doi.org/10.1038/25315
https://doi.org/10.1038/29038
https://doi.org/10.1038/372532a0
https://doi.org/10.1088/0953-8984/7/47/002
https://doi.org/10.1103/physrevb.49.1397
https://doi.org/10.1103/physrev.110.769


(a) Sample attached
to copper post on
mini-goniometer

connected with two
1 mm2 copper wires

to the cryostat sample
rod.

(b) The Fourier transform of detector and monitor signals
for one measurement series. A signal due to the flipping

ratio is visible in the detector but not the monitor channel
it should therefore refer to scattering from the sample.
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(c) Temperature dependence with isotropic
and nodal gap model [1, 14, 15] and the data

from our previous experiment [3].
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(d) Field dependence at 60 mK with a 34%
drop in the superconducting state, modelled

for isotropic and nodal gaps [2, 13] in
comparison with the linear coefficient of the

specific heat γ [6] and the recent NMR Knight
shift data K [5, 8].
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