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By means of Ru NMR, magnetic properties in three-dimensi¢d@) perovskites SrRu®(ferromagnet
and CaRu@ (exchange enhanced paramagneere investigated and compared with those in the two-
dimensional2D) layered perovskite SRuQ, (superconductgr RuO,, and Ru meta(Pauli paramagngtWe
found that 41-spin contributions in the Knight shift an®(1/T,) of Ru are predominant in SrRyQCaRuQ,
and SpRuQ,, but not in nonmagnetic Ruand Ru metal. The experimental results that a Stoner factor for
CaRuQ is close to 1 and that a correlation factor estimated from modified-Korringa behavior &f Ru-
much less than 1 indicate that CaRui® a nearly ferromagneti@M) metal dominated by low-frequency and
long-wavelength components of the spin fluctuati¢8B). Even though the Stoner factor for,®uQ, also
indicates the closeness to the ferromagnetism, the SF,Ru8), are different from those in CaRuOThe
results combined with the previoddO NMR study in SsRuQ, indicate that thein-plane low-frequency
components of SF are exchange enhanced without any signifjcieiendence due to 2D electronic character
(2D nearly FM, while theout-of-planelow-frequency component of SF shows the existence of antiferromag-
netic (AFM) SF between layers at low temperature. We propose that this evolution from 3D to 2D nearly FM
SF is relevant to the onset of spin-triplet superconductivity yR860,. The 2D nearly FM SF in the in-plane
4d,,-p, band may play a significant role for the stabilization of parallel spin pairing state within the basal
plane among various representations of spin-triplet order parametesRuGy. [S0163-1829)05041-9

. INTRODUCTION SrRuQ, and CaRu@, which aren=o members of the se-
ries, have nearly cubic and slightly distorted cubic perovskite
Since the discovery of superconductivity in the copper-structure, respectively. Although both the ruthenates exhibit
free layered perovskite SRuO," and the identification of the metallic behavio?* their magnetic properties are quite dif-
spin-triplet p-wave superconductivity in the compouhd, ferent: SrRuQ is a FM metal with the Curie temperature
much attention has been paid to the anomalous magnetic and.=160 K,>® whereas CaRupdoes not show any mag-
transport properties of §RuQ, and related ruthenium ox- netic anomalies even at low temperatuf®.( The Ca sub-
ides. A series of ruthenium oxides (Sr,GaRu,03,,1 have  stitution for the Sr sites makes the Ry@ctahedra tilt
been known to show rich properties: a ferromagnéfib!) slightly from thec axis and rotates around it to fill the extra
metal, an antiferromagneti&FM) insulator and a supercon- space of Sr-shared positions, since an ionic radius of Ca is
ductor. Especially, understanding of their magnetic propersmaller than of Sr. However, each RyOctahedron is not
ties in these ruthenates allows us to gain insight into thalistorted, then, the angle of Ru-O-Ru bond connecting octa-
occurrence of the spin-triplet superconductivity inRun0; . hedra directly influences the bandwidthdy=* state. With
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increasing the Ca substitution for the Sr sites in k=0 k=0
Sr;_,CaRu0;,, T decreases rapidly and no magnetic order R
is found inx=0.7, whereas the Curie constant is nearly in- Ru metal Ru
dependent of the Ca concentratfohAlthough the AFM in- e 211 s i

teraction of CaRu@is inferred from the large negative value
of the Weiss temperature in the framework of local moment
model, any trace of AFM correlation is not evidenced by o1
experiments. While $r,CaRuO; conserves the metallic Ru
conductivity down to lowestT without depending Ca l l l l l
conten?®  the  other  pseudoternary  ruthenates
Sr,_,CaRuQ, (n=1) (Ref. 9 and S;_,CaRu,0; (n
=2) (Refs. 10 and 1ishow a metal-insulator transition with
increasing the Ca content. The end membergR0&, and
CaRW,0, are the AFM-Mott insulator®-*! In contrast, a
magnetic ground state of CaRy@ still not clear to date. M

Pauli-paramagnetic compound RuQwith the rutile
structuré? is also a good reference compound to understand “\MOM
the magnetic properties in the Rg@ctahedron. The elec- P U T ST WO RS S
tron configuration in the Ruphaving the distorted octahe- 85 9.0 9.5 100 105 110
dral structure is 4**(t5€0) which is analogous to that in Hea (T)
the series of (Sr,C@),Ru,0s,,1. Note, however, that the
edge sharing of the RyQctahedra makes conductivity bet-
ter because of the largerddt,y)-p, hybridization through
nearly the 90° Ru-O-Ru bridgelike bottdthan the corner
sharing through nearly the 180 ° Ru-O-Ru linear bond. Con-
sequently, Ru@exhibits aT-independent susceptibilify. 1.4 K andpe is estimated as 3.}& in T=100-300 K.

In this paper, we report systematic Ru-NMR studies forThese results indicate that the Ru ion is in the tetravalent
SrRuQ,, CaRuQ, and RuQ as well as Ru metal, and com- state (41I)4+(t‘2‘ge8) for the low-spin state $=1), since
pare these results with those reported on the 2D-layered pepy«'s for both the ruthenates are close tug/S(S+1)
ovskite SpRuO,.'®> We show that CaRuQis entitled asa3D =2.83ug (S=1).
nearly FM metal with a Stoner factow~0.98, whereas Spin-echo NMR measurements were performed using a
SrLRuUQ, as a quasi-2D exchange enhanced metal. We foundonventional phase-coherent-type spectrometer. Nuclear-
that spin fluctuation$SH in CaRuQ are dominated by low- spin-lattice relaxation tim&,; was obtained by means of the
frequency and long-wavelength components, whereas the Sfaturation-recovery method for all compounds was deter-
in SLRUO, reveals a weak wave-number dependence assanined with a single component by fitting the recovery of
ciated with the quasi-2D electronic character. In this sense, ituclear magnetization to the following relaxation function
is emphasized that the occurrence of the spin-tripletave  for | =5/2:1°
superconductivity in SRuQ, does not always originate
from the 3D-FM SF with analogy to liquidHe. Alterna-

NMR Intensity

FIG. 1. The Ru-NMR spectrum of hcp Ru metal. Peaks at a
lower (highep field side corresponds t#'Ru- (*®Ru-) NMR spec-
trum articulated by the electric quadrupole interaction.

tively, the 2D nearly FM SF in the in-planed4y-p,. band M()—M(®) =0.028 ex;é — i +0.178 exfé B E)
may play a significant role for the stabilization of parallel M () Ty Ty
spin pairing state within the basal pl&smong various rep- 15t
resentations of spin-triplet order parameter. +0.794 ex;é - _) (1)
. )
Il. EXPERIMENTAL PROCEDURES
Powdered samples of Ru met&u >99.98% purity and . RESULTS AND DISCUSSIONS
RuGO, (Ru0,>99.9% purity were used for NMR measure- A RU metal

ments. SrRu@ and CaRu@ were prepared by heating ap-
propriate molar ratios of SrCQ CaCQ, and RuQ with 3N Figure 1 indicates the NMR spectrum &f%Ru (I
purity, and calcined at 1223 K for 24%hAfter reground, the  =5/2) in Ru metal with the hexagonal close-packed struc-
samples were pressed into pellets again and fired at 1473 tdre. The spectrum at a lowthigh-) field side exhibits a
for 24 h. The powdered samples of SrRuénd CaRu@ typical powder pattern for®Ru (**Ru) which is well ar-
were used for magnetization and NMR measurements. Theculated by the nuclear electric quadrupdkQ interac-
magnetization measurements for SrRudd CaRu@ were  tion. The nuclear quadrupole resonance frequengyof
performed under the magnetic fiehti=1 kOe, using a su- *°Ru (*°’Ru) is estimated to be 0.29.68 MHz.
perconducting quantum interference de\i8&UID) magne- The Knight shiftk,, K, , andK, alongx, y, andz axes, is
tometer. The Curie temperatufg of STRuG; is 160 K and  estimated to bet+0.64%, +0.64%, and+0.73%, beingT

an effective paramagnetic momeny; aboveT: is 2.68ug . independent im = 1.4—-20 K. The isotropi¢anisotropi¢ part
CaRuQ@ has a negative large Weiss temperatdre—137  of the Knight shift, Kjs,= (K + K, +K,)/3 [Kynis= (2K,
=10 K without exhibiting any magnetic transition down to —K,—K,)/6], is estimated to be+-0.67% (+0.03%. The
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FIG. 2. The Ru-NMR spectrum of RyQwith the rutile struc- £ H
ture. This spectrum arises from tlgg + 1/2)< ¢(— 1/2) transition @ ! |
. ) - . = 99 L4 101
affected by the nuclear electric quadrupole interaction with a large = Ru | % Ru
asymmetric parameten. Arrows denote resonance fields where ’ "
two peaks and edges appear in a powder pattern. They are calcu .’ Sl @ OB
lated usingn~0.74 and*®v~3.18 MHz. Oreeee T S S N .'."f
55 60 65 70 75 80 85
T-independenK;s, with a positive value is due to dominance Frequency ( MHz )

of the 4d orbital and/or the § contributions, consistent with

the previous report’ _ netic
Figure 6 indicates th& dependence 01:01(1/1—1) that fol- SrRuG; at zero field(a) at 4.2 and 20 K. The hyperfine field
extrapolated tof —0 K is estimated to be-329.6 kOe fromH,

lows aT-linear behavior. A constant value 8f%T,T) !is _ : 110
two orders of magnitude smaller than that reported in'S T Plot in the inset(b) The spectra at the magnetic fiekt,,
=0 and 5 kOe. Application of small external field makes the spec-

Sr,Ru0,.'® Apparently, a dominant relaxation process in the : ) . . )
. . trum shift to lower frequency side, which evidences the negative
Ru metal is not open to theddspin channel, but to the sign of H
hf -

4d-orbital and/or the §-spin channels.

FIG. 3. The Ru-NMR spectra in the ferromagnetic state of

hence expected to be dominated by tlsespin contribution.
B. RuO, In RuG,, the 4d-spin contribution is not seen in the Knight

. 10 .
Figure 2 shows thé°Ru-NMR spectrum arising from the shift and *}(1/T,) as well as in Ru metal.

¢(+1/2)= ¢(—1/2) transition affected by the eqQ interac-
tion with a large asymmetric parametet Arrows denote
resonance fields where two peaks and edges appear in a pow-Figure 3a) indicates the Ru-NMR spectra at zero field in
der pattern. They are calculated usimg-0.74 and*vg  the FM state at 4.2 and 20 K. The ratio of two resonance
~3.18 MHz. The articulated spectral structure from otherfrequencies 72.3/64.2 MHz is equivalent to the ratio of the
satellite peaks for”®Ru was not observed due to smearinggyromagnetic ratio%%y,/%®y,=1.12, and an intensity ratio
out by large#, and the entire spectrum fd®’Ru was not s nearly the same as the ratio of the natural abundéxae
detectable due to the broadening by the large eqQ interactioior the two isotopes,'“NA/*NA=1.35. Therefore two
originating from large nuclear quadrupole momet¥Q of  peaks arise fron?°Ru and *°'Ru with the same internal hy-
0Ru (19%Q/%°Q~5.8). The large value of; is associated perfine fieldH,s. Note that their spectral widths are mag-
with the distorted structure in the Rg®@ctahedrort? netic in origin. If a possible distribution of electric-field gra-
The Knight shiftKy.s is T independent with a positive dient were responsible for their spectral broadening, a ratio
value of +1.59% inT=1.4-20 K. It should be noted that of width should follow the ratio of nuclear quadrupole mo-
Kops= 1.59% is comparable to an estimated value of the orment 19%Q/%°Q=5.8. This is not the case, in fact. Applica-
bital Knight shift K,,~1.08% in SsRu0,.® °(T;T)"! tion of small external field makes the spectrum shift to lower
stays constant imT=1.4-20 K. In Fig. 6,°(T,T) ! esti-  frequency side as indicated in Figh3, which evidences the
mated from the relation of*f%y,/%%y,)2.%(T,T) ! is plot-  negative sign oH. The spectrum slightly shifts to lower
ted, being comparable with the value in Ru metal. Since afirequency side upon heating as indicated in Figa).3An
orbital contribution in'®(T,T) ! is negligibly smaller than averaged value dfl is estimated to be-329.6 kOe from
a value calculated using the density of stdfe¥X(T,T) "tis  an extrapolation t& —0 K as in the inset of the figure.

C. SrRuO,
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FIG. 4. The Ru-NMR spectra at three frequencies6.73 plicit parameter of the external fielll. The hyperfine coupling

10.82, and 20.5 MHz and at 4.2 K. These spectra are widely broao‘ions“’lnt due to the inner core polarizatioAq~—222
ened with a larg& 5. All the spectra are well reproduced by two +50 k_oe/'“B is estimated from a slope of linear Ilne_ whef,
Gaussian®®Ru and 1°Ru spectra as fit by dashed lines. We as- | Ko IS assumed to be the same valuegg=+1.59% in RuQ.

sumed that the total-intensity ratio and FWHM ratio of the two 1NiS Value is close td\,~—300-60 kOelg in the FM state of
Gaussians are fixed t*'NA/PNA=1.35 and %y, /%y, =1.12, SrRuG;,. Note that the Knight shift for SRuQ, lies on the same
respectively. FWHM andH, are fitting parameters. As seen in the N€ Of Kons VS xons plot as that for CaRug
inset, the magnitudes &f,; and FWHM increase ad,sincreases. o o
(My) contributions is given by
The Hy¢ in 4d-transition metals is expressed to big;
=(Aps/Nppg)Mo, whereAys, Np, andMg are the hyper- MobdH) = (XssT Xom)H + Mq(H). @

fine coupling constant, the Avogadro’s number, and the FMrne nyperfine fieldH ¢ at the Ru site is also expressed by the

saturation moment, re_spectivelyd If we usklo~1.1  gym of the S-spin (Hs), the 4d-orbital (H,y), and the
+0.4ug reported in the literaturé?® A is estimated to be 4d-spin (Hg) contributions as

about—300=60 kOejug in the FM state which is close to
that for a Ru impurity in the FM state of Fe. Ass Ao
Hpy=HsstHopt Hg= N X5t N0 Xom H
AMB AMB

D. CaRuO;
Ac

A
1. NMR spectrum and Knight shift +—"-My(H)=(Ksst Ko H+ =———M4(H),
Natg Namp

Figure 4 indicates the Ru-NMR spectra at three frequen- 3)
ciesf=6.73, 10.82, and 20.5 MHz, which are widely broad-
ened with a largeK s at 4.2 K. These spectral widths with where K;=(A;/Naug)x; (i=5s, orb, andd), and the
ho structure increase as frequerfcpr magnetic fieldHs  hyperfine-coupling constam., is due to the inner-core po-
i 9,10 — £/99,10 e e . . . . .
increases. Heré®'%H = /%1% —H.. This is in con- Jarization induced by @ spins. From Eq(3), the Knight
trast to the case for the nonmagnetic Ru metal and RuO shift K. at the Ru site is given by
The increase in full width at half maximurfFWHM) with
increasingH s does not originate from the eqQ interaction, H s A My(H)
but mainly fromK 0. This is because if FWHM originated Kons= 1~ =KssT KoerrW H (4)
from the egQ interaction, FWHMx1/H s should be ex- B
pected. All the spectra are well reproduced by two GaussiaAs shown in Fig. 5K,s is plotted againsM y(H)/H for
Ru and °'Ru spectra as indicated in Fig. 4. The total- CaRuQ with an implicit parameter oH. Here ys<+ Xorb IS
intensity ratio and FWHM ratio of the two Gaussians areassumed to b&-independent part in Curie-Weiss behavior
fixed to 1°INA/®NA=1.35 and 1%y, /%%y,=1.12, respec- [xo~0.7x10" 2 (emu/mol) (Ref. 4], and thenMy(H) is
tively. FWHM andH,; are fitting parameters. As seen in the estimated by subtracting,H from the observed magnetiza-
inset, the magnitudes dfi,; and FWHM increase a#l,,s tion Mgy (Ref. 4 in Eq. (2). If we assumeKss+ Ky, in EQ.
increases. (4) to be the same value &&= +1.59% in RuQ, Ay~

In general, magnetization under magnetic field—222+50 kOejug is estimated from a slope in Fig. 5. This
H, Mg H) consisting of $-spin, 4d-orbital, and 4l-spin ~ value is between —345 kOejug (Pd metal and
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A sum of (T,T); ! and (T, T),,¢ is anticipated to be compa-
rable to °4T,T),,1=0.12 (s* K™% in RuQ,, which is
much smaller than'®{(T,T) ,L=28 (s K™1). Further-
more, we estimate a valut®(T,T),i~0.18 (s K1)

1025 for CaRuQ@ from the following equation:

! —kZﬁA2N2E2f25f 6
TlT Orb_ﬂ- 87n orb ( F)3 3 ’ ( )

N
oﬂ

where Ny(Ep) ~4.06 (states/eV/cell/spin) from the band
calculation?”  A,,=2ug(r 3)=385 kOejug from the
Hartree-Fock calculation dfr ~3)=4.2 (a.u) for free R#*
with the reduction factor of=3/4,2% and the fractional fac-
tor f due to the occupation of thig orbits at the Fermi
surface isf=1 in this case. Therefore it is evident that
] (TlT)gblS for CaRuQ is dominated by the d-spin contribu-

- tion (T,T)4*.

] In terms of the random-phase approximatioRPA),
(T.T)4* is described as

-
Q

17T,) (sec”)

Ru metal

107E

PRSP | PP AT M
10™ 10° 10’ 10° (ﬁ
T(K)

1

1
3f2+§(1—f2))R, (7

= WkBYﬁﬁK§<
d

where R is the correlation factor in a modified Korringa
FIG. 6. T dependence of%(1/T;) for Ru metal, Ru@, and  (MK) relation for exchange enhanced mef4l& This factor

CaRuQ together with that for SRuO, (Ref. 15. (1/T;) in s given by®
RuG, is estimated from the experimental values®f1/T;) using
the relation of §%%y,/%%y,)2-9%(1/T;). % 4/T,) in SLRUQ, is the (1—ag)?
isotropic component of*%(1/T;) 4, (Ref. 15. °(T,T) Vs in ={——=) .
CaRuQ and SgRuQ, are two orders of magnitude larger than (1_%0) ES
those values in Ru metal and RyO whereay=1x,/2, a‘qO:'Xo(QOaO)/Z’ and( - - - ypg means the

—162 kOejug (Rh meta), being close toA,~—300 average over the Fermi surface. Hdre U/Ng Wi-th the
+60 kOefug in the FM state of SrRu@ intra-atomic Coulomb integral and number of sitefo,
Using the spin part of Knight shif ,~ —25% at 4.2 K Xo» and.)(p(qo,w) is the noninteracting spin and dynamical
and A,; in CaRuQ, it should be noted that a ratio of susce_ptl_blhty atg=0 andg=qy, respectively. The value re-
Yo/ Xbans= 1/(1— @)~58.8 is strongly exchange enhanced. flects |nt|mat.ely they depgndgnce qf(q,O). In thecase that
Here y4 and y,angare the spin susceptibility estimated from ferromagnetic SF are significant witiap~1, R<1. In the
K4 and the one calculated from the band calculation ré&ult, €@Se that antiferromagnetic SF play a crucial réle; 1 for
respectively. A Stoner factar~0.98 for CaRuQis close to ~ @q close to 1 whereQ is the AF wave vector. In 2D ex-
1, entitling it as a nearly FM material. change enhanced Pauli paramagnets wi€cg0) exhibits a
It is noteworthy that the Knight shift for SRuQ, lies on  Weakq dependenceR~1 without depe?odlng Omg.
the same line oK ,ps VS X ops POt as that for CaRuQ(Fig. 5). ‘Using Kyg~—25% at He=12.6 T, _1':\’_“0-15 is ob-
It suggests thatd spins play vital roles on the magnetic and tained from Eq.(7). Various characteristic parameters in

transport properties not only in SrRy@nd CaRu@butalso ~ CaRuQ are summarized in Table | and c%npared with those
in SKLRUO,. in a nearly FM metal YC9. a~0.98 and'®'R~0.15 indi-

cate that CaRu® is closer to the FM instability than
2. Nuclear-spin-relaxation ratel/T, YCo, («=0.95 and **R=0.30)2" Note that Ny(Ef) is
smaller for CaRu@than for YCg@, whereasy=1-Ny(Ep) is
larger for the former than for the latter. It is concluded that
the electron correlation in CaRy@s stronger than in YCo
One may suppose that the large negativealue in CaRu@
suggests a strong AFM interaction. Contrary to this expecta-
tion, a much smallet®’R~0.15 anda~0.98 close to 1 evi-
dence that CaRugs the 3D nearly FM metal dominated by
SF with low frequencies and long-wavelength components.

®

Figure 6 displays theT dependence of'%{(1/T;) for
CaRuQ atH,s~12.6 T inT=1.4-11 K together with the
results for SsRuQ,, Ru metal, and RuQ °{1/T,) propor-
tional to T has a large value of ©¥4T,T)?!
=28 (s K™ 1). The constant values of°YT,T)" ! for
CaRuQ and SgRu0, (Ref. 15 are two orders of magnitude
larger than in the nonmagnetic Ru metal and RuO

(T,T) 1 in ruthenium oxides is generally decomposed by
the 5s-spin, the 4l-orbital, and the d-spin contribution by

the following relation: E. Comparison with the magnetic properties in the

superconducting S,bRUO,
1

T,T

1

+
TaT/

i) ) (5) The NMR results for CaRuare compared with those
d

7
<T1T obs for SLRUQ, (Ref. 15 with the similar Ru@ octahedron.
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TABLE |. Various characteristic parameters in,BuO, and CaRu@, together with those values of
liquid ®He at 27 bargRef. 30 and the nearly ferromagnetic YS@Ref. 27. The 2D nearly FM SF in
Sr,RuUQ, are distinguished from the 3D nearly FM SF with dominant low frequencies and long-wavelength
components in CaRuQ YCo,, and liquid *He.

SLRUO, CaRuQ SHe (Ref. 30  YCo, (Ref. 31

N4(Ep) (state/eV) 4.36Ref. 3) 4.06 (Ref. 22 5.55
Yexp (MJI/Mol K?) 39 (Ref. 1) 73 (Ref. 4 36
Yband (MJI/mol K2 10.3 9.54 13.0
Yexp! Yoand 3.8 7.65 5.26 2.8
Xdexo (1074 emu/mol)_, 9.7 77 35.4

LEeXp
Xd.bang (10~% emu/mol) 1.41 1.31 1.79
Xd,exp/Xd,band 69 588 21 198
Wilson ratio; Ry, 1.8 7.7 4 7.1
Stoner factor 0.86 0.98 0.95 0.95
R 2.1 0.15 R=0.30
101R, 4.2 0.15 *R=0.30
YRy, 0.8 (Ref. 26
R, 11 (Ref. 26

The respective Stoner factors ate=0.98 and~0.86 for  core polarization induced bydspins, which averages the
CaRuQ and SgRuQy, indicating that the magnetic suscep- SF at the Ru site. On the other hand, Hhg at the G1) site
tibility is more significantly enhanced than a respective valueoriginates from the dipole interaction with spins on fhe,
based on the band calculation. A substantial difference apandp orbitals hybridized with thel,, andd,,,,, respec-
pears in'°R as shown in Table |. Extremely small value of tively. This orbital dependent anisotropic hyperfine interac-
10IR~0.15 anda~0.98 reveal that CaRuQds a 3D nearly tion at the @1) sites enables us to probe the anisotropic SF.
FM metal. By contrast,'R,,~2.1 and ¥'R.~4.2 in  The existence of thin-planeFM SF is also evidenced by the
SrL,RuQ, are even larger than 1, even though its Stoner factoidentical T dependence betweei(1/T,) at the G1) site and
points to the closeness to ferromagnetism. Herectagis  °%1/T,) at the Ru site studied by Imat al?®
component R, is about twice larger than thab-plane Soon after the discovery of the superconductivity in
component!®R,,, suggesting that SF in $RuQ, might be  Sr,RuQ,, Rice and Sigrist proposed that,RuQ, is the
anisotropic. The result that’’R, . for SL,RUQ, is larger  spin-triplet superconductor with analogy to the superfluid
than 1 demonstrates that the SF inRO, is different from  *He,?® where the 3D-FM SF mediates a spin-triplet pair.
those in the 3D nearly FM CaRuyGnd/or liquid ®He. Itis  However, as discussed above, the SF R8I0, should be
also suggested from the fact thf, in S,RuQ, is much  distinguished from the 3D-FM SF with dominant low fre-
smaller than in the 3D nearly ferromagnetic materials indi-quencies and long-wavelength components, since exhibiting
cated in Table I. remarkable anisotropic SF. This anisotropic SF may be rel-
Recently, 1’O-NMR studies in SiRuQ, clarified that evant to an orbital dependent electronic structure. The 2D
there exists anisotropic SF in the Ru@lane®® At low tem-  nearly FM SF in the in-planed},-p, band may play a sig-
peratures, the in-plane components of the correlation factanificant role for the stabilization of parallel spin pairing state
17Ri~17RH~o_8 are lower than and/or close to 1, whereaswithin the basal plar?eamong various representations of
CaRuQ dominated by 3D-FM SF shows quite smaller thanspin-triplet order parameter.
1. The result indicates that ttie-plane low-frequency com-

ponents of the dynamical spin susceptibiltiy”(q, w),, IV. CONCLUSIONS
which is dominated byd,, orbital character, are exchange
enhanced with weak dependencé2D nearly FM as de- We reported systematic Ru-NMR studies on the ferro-

scribed in the above section. By contrast, its out-of-plangnagnetic SrRu@ and exchange enhanced paramagnetic
component!’R.~11 is one order of magnitude larger than CaRuQ as well as nonmagnetic Ru metal and Bu@nd
in-plane components, indicating that tbet-of-planelow-  compared the obtained results with those in spin-triplet
frequency component of the dynamical spin susceptibilityp-wave superconductor SRuQ,. The results for Ru@and
1Y"(4, )., which is dominated byl ,, orbital character, Ru metal reveal that the Knight shik s with a positive
shows the development of AFM SF upon cooling belowvalue of ~+1% and the small nuclear-spin-lattice relax-
T*~130 K where thec-axis resistivity shows a metallic ation rate'®{1/T,) are not affected by thed4spin contribu-
behavior’® Consequently, we concluded that 2D nearly FMtion, but dominated by thedtorbital and/or the §-spin con-

SF is dominant in the RuQOplane, whereas interlayer AFM tributions. In SrRu@, the internal field at the Ru site in the
SF along thec axis belowT*. We propose that®R,, >1  ferromagnetic (FM) state below Tc=160 K is
may reflect some average on this highly anisotropic SF re—329.6 kOe aff—0, and the negative hyperfine coupling
vealed by thel’O-NMR measurements. This is because theconstantA~ —300+ 60 kOejug originates mainly from
H at the Ru site is produced mainly by the isotropic inner-the inner-core polarization effect. In CaRy@at is proved
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to remain paramagnetic down to 1.4 K, the fi¢glddepen-  d,,,, orbital character, shows the existence of AFM SF be-
dence of Knight shifk ;,{H) is well scaled to the measured tween the layers at low temperature. Therefore we reinforce
susceptibility with Ap~—222+-50 kOejug through the that the 2D nearly FM SF in SRuQ, should be distin-
inner-core polarization. The spin susceptibiljpy deduced guished from the 3D low frequencies and long-wavelength
from the Knight shift in CaRu@ is nearly two orders of FM SF in CaRuQ. In this sense, the occurrence of spin-
magnitude larger than the valyg,,q0btained from the band triplet p-wave superconductivity in SRuO, does not always
calculation. The Stoner facter~0.98 is estimated from the originate from the 3D-FM SF with analogy to liquitHe.
ratio of x4/ xpand=58.8, entitling CaRu@as the nearly FM  Alternatively, the 2D nearly FM SF in the in-planel4-p
metal. The 1°(1/T;) in CaRuQ comparable to that in band may play a significant role for the stabilization of par-
Sr,RuQy is two orders of magnitude larger than those valuesallel spin pairing state within the basal planes among various
in Ru metal and Ru@ This enhancement is due to the FM representations of spin-triplet order parameter. These charac-
spin fluctuationgSP. From the modified-Korringa relation, teristic SF's provide an interesting scenario for the spin-
the correlation factor'®R~0.15 was deduced to be very triplet p-wave superconductivity in §RuO, that is mediated
small. CaRu@ was shown to be in the nearly FM regime, by thein-planeshort-range SF with 2D nearly FM character
dominated by low-frequencies and long-wavelength SF combased on the Hund’s rule coupling betweendhgandd,, ,
ponents. orbits.
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