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Ru NMR probe of spin susceptibility in the superconducting state of SfRuO,
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We report ®Ru Knight-shift #°K) measurement on the high-quality ,BuQ, with a superconducting
transition temperaturg.~ 1.5 K. Its spin component®K® due to the core polarization effect caused by Riu-4
spins, is nearly one order of magnitude larger than that of-tBeKnight shift (’KS). The 4d-spin suscepti-
bility that has been more precisely measured fréid® than 1’K® shows no change acrods at all. The
present result reinforces that,RuQ, is the spin-tripletp-wave superconductor in which electrons are bound
together in parallel-spin pairs parallel to the Rufdane.
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The layered perovskite RuO, has become a subject of superconductor URL® which was identified to be an odd-
intense research activity since the discovery ofparity superconductors from the Pt Knight-shift
superconductivity. In a RU* ionic state in the tetragonal measuremertf These unusual SC properties are believed to
symmetry, there exist two holes in the degeneratet#  be characteristic of the spin-triplpt or f-wave superconduc-
orbitals. Even in a metallic state, the orbital degeneracy angyvity.
the on-site Hund’s coupling are expected to lead to ferro- In these unconventional superconductors, it is promising
magnetism. As a matter of fact, its three-dimensiof®)  that the binding of electrons in the paired st@@ooper
analogue, SrRuPshows the ferromagnetism with a Curie pairg are magnetically mediated via spin-fluctuation ex-
temperatureTc=160 K. Noting these features in ruthenate change. As for the character of spin fluctuations in the nor-
oxides, Rice and Sigristproposed the possibility of spin- mal state, the Ru- anfO-NMR, and the neutron-diffraction
triplet p-wave superconductivity in $RuQ,. Motivated by  (ND) experiments have provided a valuable set of d&t&
their suggestion, various experiments were promoted to iderMukuda et al. reported from the!’O-NMR study that the
tify the symmetry of the superconducti§C) order param-  spin fluctuations in SfRuO, are anisotropi¢! Namely, the
eter. The Ru nuclear-quadrupole-resonaiM®R) measure- in-plane component in dynamical susceptibility is exchange-
ment on a lowT, sample withT.=0.7 K provided evidence enhanced without a marked wave-numlzerdependence,
against a simple-wave picture in SIRuQ,.® Subsequently, whereas the out-of-plane one is significantly enhanced by
the temperaturéT) dependence of’O Knight shift (’K)  antiferromagneti¢AF) spin fluctuations belowl* ~130 K.
was measured on the high-quality single crystals that revedimai et al. claimed, on the other hand, that ferromagnetic
the SC transition at a highdi,~ 1.5 K. From the measure- (FM) spin fluctuations are dominant in the Ruflane from
ment at various magnetic fields parallel to the Ryflane,  the result that the similal dependence of T4 is observed
17K (T) shows no change acros. This result gave deci- at the Ru and O site$. . o
sive evidence for the spin-triplet superconductivity in Meanwhile, the ND experiment reported by Sidisal.
SrL,Ru0,.*® Furthermore, the measurement of nuclear spinfevealed the existence ufcorrlrénen.suraté\F fluctua.tlo_ns at
lattice relaxation rate, Tj by means of Ru NQR on the &do=(*0.67/a,*0.67/a,0).”" This wave vector is in ac-
high-quality sample revealed that the SC gap is highly anisocord with a nesting vector connecting betweenand
tropic, consistent with a line-nodelike g&Such anisotropic  branches in the Fermi surfaces. Note that these branches
gap was also suggested from the specific-heatd the have a quasi-one-dimension@uasi-1D character. Stoner
penetration-depth experiments. The unconventional spin- factor aq =0.97 atq was estimated, indicative of the close-
triplet SC state with the line-nodelike gap in,BuO, has  ness to the AF instability. Enhancement iff {T below 200
also been theoretically discussetf. K is considered to be caused by the incommensurate AF

We should remark that theSR study revealed an appear- fluctuations that develops below 200 K as well. It should be
ance of the internal field in the SC stafesuggesting that the noted that the similar behavior in YT at the Ru and O
time-reversal symmetry is broken, i.e., the SC pairs have aites® does not evidence any strong FM fluctuationg a0.
finite angular moment of. =1. This result was also con- This is because such a behavior is reprodyzexided that
firmed by another grouf: Furthermore, the specific-heat AF fluctuations is of the incommensurate typi¢h the wave
and ac-susceptibility measurements suggested that multipleector gq. In this context, a scenario in which FM fluctua-
SC phases exist below the upper critical field,.!® Exis-  tions mediate a spin-triplet superconductivity with analogy
tence of multiple phases in the pairs-condensed state is welff the superfluid®He seems to be inadequate. A question
known in superfluid®He, in which the order parameter pos- arises how the spin-triplgt-wave state can be stabilized un-
sesses the internal degree of freeddnThe existence of der the incommensurate AF fluctuations. Competition be-
multiple SC phases was also reported in the heavy-fermiotween spin-triplet vs -singlet superconductivity in,BuO,
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is now under active theoretical deb&elherefore it is quite

important to present further experimental proof to relnforceand orbital components iﬁgK”, a plot of 99K”(T) vs the

that SpRuQ; is the triplet superconductor.
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FIG. 2. Plot of K| (Ref. 18 againsty; (left scale. The relation
FIG. 1. “Ru-NMR spectrum taken by sweeping the externalP€tweeny, andy; are also plottedright scalg.

owing relations,

larger than that in thé’O Knight shift (*'K) reported pre-

viously, the d-spin susceptibility has been more precisely
deduced from®K s than 1’KS. %K does not change across
T.(H) at all. The result reinforces that RuQ, is the spin-

triplet p-wave superconductor in which electrons are bound _ ) _
as well as, the orbital hyperfine-coupling constantHyjfy,

together in parallel-spin pairs parallel to the Ru@ane.
Single crystal shows the SC transitionTat-1.48 K with

for H; at low T was identical to*®(T) of '°'Ru which
was measured up to 300 In order to decompose the spin

In this paper, we present further convincing results thaf)u”( susceptibilityy(T) is shown in Fig. 2. Using the fol-

prove unambiguously the spin-triplet superconductivity in
SrL,RuQ, through the®®Ru Knight-shift °%) measurement.

__ _spin VvV
Since its spin part’®s is nearly one order of magnitude XM =x (M +x "

99K”(T) — QQKW(T) + 99Kﬁ)rb

= (Hnt,|/Nastg) xT”(T) + (Hyy /Nag) x)Y

=2ug(r °)=385 kOefsg,® we deduce the hyperfine-

a transition widthA T.~50 mK. The crystal that was used in coupling constant = —250 kOejug, the spin compo-

the previous measurement f of Ru revealed that the re- nent *Kj=-4.0% and the orbital component]

orb

sidual density of states is less than 10% at low temperafures=1.08%, and the Van-Vleck susceptibility)"=1.61
This ensures the high quality of the sample in a microscopic<10™* emu/mol, respectively. A large negative value of
scale. The Ru-NMR measurement was carried out at a fred; and hence a dominant isotropic componentiK is

guencyf= 1.8 MHz with a magnetic fieldH) perpendicular

due to the inner core-polarization effect caused Hyspins®

to thec axis (H,) in T=0.06-1.5 K. The quadrupole-split Furthermore, a relation betwegn and x, shown in Fig. 2

Ru-NMR spectrum was taken by sweepikigover a wide

allows us to deduce the Van-Vleck susceptibilify’

range, and the precisedependence of each peak frequency~1.21x 10"* emu/mol andKfrb~ +0.82%. A linear rela-
in the spectrum was obtained by means of the Fourier transion betweenggK”(T) and YK (T) which is valid below 250

formed technique of spin-echo signal. Since the upper critik suggests that one spin-component model is appropriate as

cal field H, shows a large value faf, , Hi,~15 kOe at  in high-T. cuprates.
low temperatures, whereaﬁi2 parallel to thec axis is less As shown in Fig.

than 1 kOe(Ref. 21 which is too small for the NMR mea- was confirmed by an ac-susceptibility measurement using an

3 an onset of superconductivity under

surement, thé°Ru Knight-shift measurement in the SC state “in-situ” NMR coil . The inset in Fig. 3 indicates théd

was performed only foH, .

The quadrupole-split®Ru-NMR spectrum consists of five
peaks as indicated in Fig. 1 fér=1.8 MHz andT =100 mK.
A nuclear-quadrupole frequencyo(NMR)=0.54 MHz is
estimated, consistent witlrg(NQR)=0.56 MHz deduced
from the previous NQR measuremenfBhe *°K, for H, is
estimated as-2.7% atT=1.5 K. This value is nearly one
order of magnitude larger thalK."" The *K(T) of *Ru

dependence of SC

060507-2

diamagnetismTat 100 mK. The upper

critical field of H;,,~15 kOe at 100 mK is in good agree-
ment withH, determined by the resistivity as seen in Fig. 4
along with other data at various fielélsThe %K, (T) was
measured aH , =10.
arrows in Fig. 4. The onset of the SC transitionHat=9
kOe was also ensured from the decrease T TLthat probes
the opening of the bulk SC gap.

5, 9, and 6.8 kOe as shown by dotted
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the quadrupole-split NMR spectrum &t, =9 kOe. Here

law (1/T) of nuclear-spin susceptibility with decreasiiig
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FIG. 5. ®Ru-NMR spectra of the 1/2 —1/2 central transition
at various temperature$, (9 kOe is ~1.0 K. Signal intensity was
multiplied by T. In the bottom spectrum, the scale of 10 Oe is

shown.

NMR measurement does not heat up the sample and that the
Knight shift measurement was carried out in a thermal equi-
librium condition with a heat bath. It is clear that the spectral
peak does not change at all acrdss-1.0 K atH, =9 kOe.

This is also the case for the spectrddat=6.8 and 10.5 kOe.
Figure 5 indicates th& dependence of the central peak in We note that none of the spectra are significantly affected by
any appreciable shift and/or some broadening due to the SC
each NMR intensity is multiplied by the temperature. Notediamagnetic shielding effect and the field distribution in the
that the NMR intensity(l) increases according to the Curie yortex state belowT .. Square root of the second moment
of the NMR spectrum forH,, (AH,)? in the SC

As shown in Fig. 5] XT is almostT independent. This en- gtate is calculated ag(AH, )%= ¢>o/(4\/;37\||>u){1*(H/
sures that the application of radio-frequency pulses for the
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FIG. 4. Temperature dependence of the anisotropic upper criti-

cal fields,H,, . (closed circles and H‘iz (closed squaresdeter-

S

FIG. 6. Temperature dependence®¥k® . The dotted curve is
mined by resistivity measurement®ef. 21. The present results the calculation based on the spin-singtevave (dy2_,2) model
determined by?®y are also plottedopen circles

with a line node(see text
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HL,)}1Y2.22 Here ¢, is the flux quantum. This value &,  N(H) is incorporated, it is obvious that the spin-singlet
~9.0 kOe is estimated as0.82 Oe by using the penetration d-wave model is not consistent with the experiment. The
depthn~3.7x 10* A and ), ~1.8x10° A for HjandH, , invariant behavior of**K?$ gives the evidence that electron
respectively? pairs are in the parallel-spin state parallel to the Rpfane.
The diamagnetic Shiﬂ:—léia is also estimated to be 2.0  The decreasing behavior Kﬁ following the Yosida function
Oe from the relation ofH4.,~Hcy, IN(He, /Heg)/In 22 IS expected foH|c in this spin state, however, the measure-
Here we usedH., ~10 Oe and the GL parametex ~ Ment ofKj is technically difficult sinceHé2 is only 750 Qe.
= i, k|~6.12" In general, the former and latter contribu- _ !N conclusion, the spin component in tH€Ru Knight
tions make the Ru-NMR spectrum broaden and shift be|ov\§1§1|ft K® is one order of magnitude larger than that in the
T., respectively. However, these values in,/Au0, are O Knight shift. The spin suscepfmblhty in §RUQ, was
much smaller than the spectral width and the Knight shift,thus much more precisely determined from the Ru NMR
entering a range of experimental error. Such contributiondneasurement. It was ensured that the spin susceptlb!llty does
are safely neglected in the present measurement. not change acrosk.. The present result gives unambiguous
Figure 6 shows theT dependence of %S (=K evidence for the spin-triplep-wave superconductivity in
—K°™®). The K3 does not change on passing Lthrouﬁh Srh,RuQ,. If the spin-fluctuation properties revealed by the
Nﬁ) K atH —9LkO if in-sinaletl wave were real- NP and NMR experiments are taken into account, it is con-
: d h '?’d L d c ?gaKsSp -Sld%e 3.? de edea— sidered that a mechanism which is different from that in the
1zed, thel dependence of'®, would be predicted as drawn superfluid®*He may lead to the occurrence of the spin-triplet
Iki)r):e(-jr?ct)t(;ag gc;p:\/ig ;T)pllzigd \?\/litﬁzr?);rh:rﬁétgr rcz‘ogrilarg;/tgaap superconductivity in charged many-body systems in general.
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