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Ru NMR probe of spin susceptibility in the superconducting state of Sr2RuO4
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We report 99Ru Knight-shift (99K) measurement on the high-quality Sr2RuO4 with a superconducting
transition temperatureTc;1.5 K. Its spin component,99Ks due to the core polarization effect caused by Ru-4d
spins, is nearly one order of magnitude larger than that of the17O Knight shift (17Ks). The 4d-spin suscepti-
bility that has been more precisely measured from99Ks than 17Ks shows no change acrossTc at all. The
present result reinforces that Sr2RuO4 is the spin-tripletp-wave superconductor in which electrons are bound
together in parallel-spin pairs parallel to the RuO2 plane.
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The layered perovskite Sr2RuO4 has become a subject o
intense research activity since the discovery
superconductivity.1 In a Ru41 ionic state in the tetragona
symmetry, there exist two holes in the degenerate 4d-t2g

orbitals. Even in a metallic state, the orbital degeneracy
the on-site Hund’s coupling are expected to lead to fer
magnetism. As a matter of fact, its three-dimensional~3D!
analogue, SrRuO3 shows the ferromagnetism with a Cur
temperatureTC5160 K. Noting these features in ruthena
oxides, Rice and Sigrist2 proposed the possibility of spin
triplet p-wave superconductivity in Sr2RuO4. Motivated by
their suggestion, various experiments were promoted to id
tify the symmetry of the superconducting~SC! order param-
eter. The Ru nuclear-quadrupole-resonance~NQR! measure-
ment on a low-Tc sample withTc50.7 K provided evidence
against a simples-wave picture in Sr2RuO4.3 Subsequently,
the temperature~T! dependence of17O Knight shift (17K)
was measured on the high-quality single crystals that re
the SC transition at a higherTc;1.5 K. From the measure
ment at various magnetic fields parallel to the RuO2 plane,
17K(T) shows no change acrossTc . This result gave deci-
sive evidence for the spin-triplet superconductivity
Sr2RuO4.4,5 Furthermore, the measurement of nuclear sp
lattice relaxation rate, 1/T1 by means of Ru NQR on the
high-quality sample revealed that the SC gap is highly an
tropic, consistent with a line-nodelike gap.6 Such anisotropic
gap was also suggested from the specific-heat7 and the
penetration-depth8 experiments. The unconventional spi
triplet SC state with the line-nodelike gap in Sr2RuO4 has
also been theoretically discussed.9,10

We should remark that themSR study revealed an appea
ance of the internal field in the SC state,11 suggesting that the
time-reversal symmetry is broken, i.e., the SC pairs hav
finite angular moment ofL51. This result was also con
firmed by another group.12 Furthermore, the specific-hea
and ac-susceptibility measurements suggested that mu
SC phases exist below the upper critical fieldHc2.13 Exis-
tence of multiple phases in the pairs-condensed state is
known in superfluid3He, in which the order parameter po
sesses the internal degree of freedom.14 The existence of
multiple SC phases was also reported in the heavy-ferm
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superconductor UPt3,15 which was identified to be an odd
parity superconductors from the Pt Knight-sh
measurement.16 These unusual SC properties are believed
be characteristic of the spin-tripletp- or f-wave superconduc
tivity.

In these unconventional superconductors, it is promis
that the binding of electrons in the paired state~Cooper
pairs! are magnetically mediated via spin-fluctuation e
change. As for the character of spin fluctuations in the n
mal state, the Ru- and17O-NMR, and the neutron-diffraction
~ND! experiments have provided a valuable set of data.17–19

Mukuda et al. reported from the17O-NMR study that the
spin fluctuations in Sr2RuO4 are anisotropic.17 Namely, the
in-plane component in dynamical susceptibility is exchan
enhanced without a marked wave-numberq dependence,
whereas the out-of-plane one is significantly enhanced
antiferromagnetic~AF! spin fluctuations belowT* ;130 K.
Imai et al. claimed, on the other hand, that ferromagne
~FM! spin fluctuations are dominant in the RuO2 plane from
the result that the similarT dependence of 1/T1 is observed
at the Ru and O sites.18

Meanwhile, the ND experiment reported by Sidiset al.
revealed the existence ofincommensurateAF fluctuations at
a q05(60.6p/a,60.6p/a,0).19 This wave vector is in ac-
cord with a nesting vector connecting betweena and b
branches in the Fermi surfaces. Note that these bran
have a quasi-one-dimensional~quasi-1D! character. Stoner
factoraq0

.0.97 atq0 was estimated, indicative of the close

ness to the AF instability. Enhancement in 1/T1T below 200
K is considered to be caused by the incommensurate
fluctuations that develops below 200 K as well. It should
noted that the similar behavior in 1/T1T at the Ru and O
sites18 does not evidence any strong FM fluctuations atq50.
This is because such a behavior is reproducedprovided that
AF fluctuations is of the incommensurate typewith the wave
vector q0. In this context, a scenario in which FM fluctua
tions mediate a spin-triplet superconductivity with analo
of the superfluid3He seems to be inadequate. A questi
arises how the spin-tripletp-wave state can be stabilized un
der the incommensurate AF fluctuations. Competition
tween spin-triplet vs -singlet superconductivity in Sr2RuO4
©2001 The American Physical Society07-1



rc

ha
in

.
e

ly
s

n

n
-
re
p
fr

it

cy
n

rit

-
te

e

n

-

of

e as

an

-
4

ed

a

RAPID COMMUNICATIONS

K. ISHIDA et al. PHYSICAL REVIEW B 63 060507~R!
is now under active theoretical debate.20 Therefore it is quite
important to present further experimental proof to reinfo
that Sr2RuO4 is the triplet superconductor.

In this paper, we present further convincing results t
prove unambiguously the spin-triplet superconductivity
Sr2RuO4 through the99Ru Knight-shift (99K) measurement
Since its spin part99Ks is nearly one order of magnitud
larger than that in the17O Knight shift (17K) reported pre-
viously, the d-spin susceptibility has been more precise
deduced from99Ks than 17Ks. 99Ks does not change acros
Tc(H) at all. The result reinforces that Sr2RuO4 is the spin-
triplet p-wave superconductor in which electrons are bou
together in parallel-spin pairs parallel to the RuO2 plane.

Single crystal shows the SC transition atTc;1.48 K with
a transition widthDTc;50 mK. The crystal that was used i
the previous measurement ofT1 of Ru revealed that the re
sidual density of states is less than 10% at low temperatu6

This ensures the high quality of the sample in a microsco
scale. The Ru-NMR measurement was carried out at a
quencyf 51.8 MHz with a magnetic field~H! perpendicular
to the c axis (H') in T50.06–1.5 K. The quadrupole-spl
Ru-NMR spectrum was taken by sweepingH over a wide
range, and the preciseT dependence of each peak frequen
in the spectrum was obtained by means of the Fourier tra
formed technique of spin-echo signal. Since the upper c
cal field Hc2 shows a large value forH' , Hc2

' ;15 kOe at
low temperatures, whereasHc2

i parallel to thec axis is less
than 1 kOe~Ref. 21! which is too small for the NMR mea
surement, the99Ru Knight-shift measurement in the SC sta
was performed only forH' .

The quadrupole-split99Ru-NMR spectrum consists of fiv
peaks as indicated in Fig. 1 forf 51.8 MHz andT5100 mK.
A nuclear-quadrupole frequencynQ(NMR)50.54 MHz is
estimated, consistent withnQ(NQR)50.56 MHz deduced
from the previous NQR measurements.3 The 99K' for H' is
estimated as22.7% atT51.5 K. This value is nearly one
order of magnitude larger than17K.17 The 99K i(T) of 99Ru

FIG. 1. 99Ru-NMR spectrum taken by sweeping the extern
field Hic.
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for H i at low T was identical to101K i(T) of 101Ru which
was measured up to 300 K.18 In order to decompose the spi
and orbital components in99K i , a plot of 99K i(T) vs the
bulk susceptibilityx i(T) is shown in Fig. 2. Using the fol-
lowing relations,

x i~T!5x i
spin~T!1x i

VV ,

99K i~T!599K i
s~T!199K i

orb

5~Hh f ,i /NAmB!x i
spin~T!1~HVV /NAmB!x i

VV ,

as well as, the orbital hyperfine-coupling constant ofHVV
52mB^r 23&5385 kOe/mB,3 we deduce the hyperfine
coupling constantHh f ,i52250 kOe/mB , the spin compo-
nent 99K i

s524.0% and the orbital component99K i
orb

51.08%, and the Van-Vleck susceptibilityx i
VV51.61

31024 emu/mol, respectively. A large negative value
Hh f ,i and hence a dominant isotropic component in99K is
due to the inner core-polarization effect caused by 4d spins.3

Furthermore, a relation betweenx i andx' shown in Fig. 2
allows us to deduce the Van-Vleck susceptibilityx'

VV

;1.2131024 emu/mol andK'
orb;10.82%. A linear rela-

tion between99K i(T) and 17K(T) which is valid below 250
K suggests that one spin-component model is appropriat
in high-Tc cuprates.

As shown in Fig. 3 an onset of superconductivity underH
was confirmed by an ac-susceptibility measurement using
‘‘in-situ’’ NMR coil . The inset in Fig. 3 indicates theH
dependence of SC diamagnetism atT5100 mK. The upper
critical field of Hc2;15 kOe at 100 mK is in good agree
ment withHc2 determined by the resistivity as seen in Fig.
along with other data at various fields.21 The 99K'(T) was
measured atH'510.5, 9, and 6.8 kOe as shown by dott
arrows in Fig. 4. The onset of the SC transition atH'59
kOe was also ensured from the decrease in 1/T1T that probes
the opening of the bulk SC gap.

l

FIG. 2. Plot of99K i ~Ref. 18! againstx i ~left scale!. The relation
betweenx' andx i are also plotted~right scale!.
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Figure 5 indicates theT dependence of the central peak
the quadrupole-split NMR spectrum atH'59 kOe. Here
each NMR intensity is multiplied by the temperature. No
that the NMR intensity~I! increases according to the Cur
law (1/T) of nuclear-spin susceptibility with decreasingT.
As shown in Fig. 5,I 3T is almostT independent. This en
sures that the application of radio-frequency pulses for

FIG. 3. Variation ofacx taken by the NMR coil under variou
fields. An inset isH dependent ofacx at 100 mK.

FIG. 4. Temperature dependence of the anisotropic upper c
cal fields,Hc2'c ~closed circles! and Hc2

i ~closed squares! deter-
mined by resistivity measurements~Ref. 21!. The present results
determined byacx are also plotted~open circles!.
06050
e

NMR measurement does not heat up the sample and tha
Knight shift measurement was carried out in a thermal eq
librium condition with a heat bath. It is clear that the spect
peak does not change at all acrossTc;1.0 K atH'59 kOe.
This is also the case for the spectra atH'56.8 and 10.5 kOe.
We note that none of the spectra are significantly affected
any appreciable shift and/or some broadening due to the
diamagnetic shielding effect and the field distribution in t
vortex state belowTc . Square root of the second mome
of the NMR spectrum forH' , A(DH')2 in the SC
state is calculated asA(DH')25f0 /(4Ap3l il')$12(H/

ti-

FIG. 5. 99Ru-NMR spectra of the 1/2↔21/2 central transition
at various temperatures.Tc ~9 kOe! is ;1.0 K. Signal intensity was
multiplied by T. In the bottom spectrum, the scale of 10 Oe
shown.

FIG. 6. Temperature dependence of99K'
s . The dotted curve is

the calculation based on the spin-singletd-wave (dx22y2) model
with a line node~see text!.
7-3
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Hc2
' )%1/2.22 Here f0 is the flux quantum. This value atH'

;9.0 kOe is estimated as;0.82 Oe by using the penetratio
depthl i;3.73104 Å and l';1.83103 Å for H i andH' ,
respectively.21

The diamagnetic shiftHdia
' is also estimated to be;2.0

Oe from the relation ofHdia
' ;Hc1'ln(Hc2' /Hext)/ ln k.23

Here we usedHc1';10 Oe and the GL parameter,k
5Ak'k i;6.1.21 In general, the former and latter contribu
tions make the Ru-NMR spectrum broaden and shift be
Tc , respectively. However, these values in Sr2RuO4 are
much smaller than the spectral width and the Knight sh
entering a range of experimental error. Such contributi
are safely neglected in the present measurement.

Figure 6 shows theT dependence of 99K'
s ([K'

2K'
orb). The 99K'

s does not change on passing throughTc

;1.0 K at H'59 kOe. If a spin-singletd wave were real-
ized, theT dependence of99K'

s would be predicted as draw
by dotted curve in Fig. 6. Here thedx22y2 model with a
line-node gap is applied with a parameter of energy gapD0
52kBTc that was deduced in the literature.6 In the calcula-
tion, noting that the magnetic field induces the extended q
siparticle state due to the line-node gap, the density of st
N(H) at the Fermi level is incorporated. AtH'59 kOe,
N(9 kOe)/Nnormal;0.39 is estimated at low temperatur
from the H dependence of the specific heat.7 Even though
06050
w

t,
s

a-
es

N(H) is incorporated, it is obvious that the spin-singl
d-wave model is not consistent with the experiment. T
invariant behavior of99K'

s gives the evidence that electro
pairs are in the parallel-spin state parallel to the RuO2 plane.
The decreasing behavior ofK i

s following the Yosida function
is expected forHic in this spin state, however, the measur
ment ofK i

s is technically difficult sinceHc2
' is only 750 Oe.

In conclusion, the spin component in the99Ru Knight
shift 99Ks is one order of magnitude larger than that in t
17O Knight shift. The spin susceptibility in Sr2RuO4 was
thus much more precisely determined from the Ru NM
measurement. It was ensured that the spin susceptibility d
not change acrossTc . The present result gives unambiguo
evidence for the spin-tripletp-wave superconductivity in
Sr2RuO4. If the spin-fluctuation properties revealed by th
ND and NMR experiments are taken into account, it is co
sidered that a mechanism which is different from that in
superfluid3He may lead to the occurrence of the spin-trip
superconductivity in charged many-body systems in gene
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