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A 1C-NMR anisotropic hyperfine coupling tensor was determined as(-21.68,—1.68,3.37)
X 10P rad/sec for G~ in A;Cqo Superconductors, wherkis an alkali metal, by analyzintfC-NMR spectra
below 85 K. Combined with an isotropic coupling constant ofr¢20.69)x 10° rad/sec, the &€ and 2
characters of the electronic wave functions at the Fermi level were deduced. The results were compatible with
local-density-approximation band calculations. From a simulatiod®*6fNMR spectra at superconducting
state, the traceless chemidalrbital) shift tensor and isotropic chemical shift were determined6ds 34,
—101) ppm and~150 ppm, respectively. An estimated magnetic penetration depth is larger than 570 nm in
K4Cso Furthermore, the modified Korringa relatioh, TK?~ 8S (with Knight shift K, spin-lattice relaxation
time T,, and Korringa constar8), clearly showed the existence of weak but substantial antiferromagnetic spin
fluctuation inA;Cg; 8=0.40—-0.58 with an error of:20%. The Stoner enhancement factor was also deter-
mined as 1-1.5 from a comparison between spin susceptibility obtained from NMR and band-calculation
results.[S0163-182@08)00542-4

. INTRODUCTION larger temperature dependertéyThis and sharpgC-NMR
spectra observed in this material allowed us to determaine
One of the most important quantities to analyze NMRas 27(0.69+0.06)x 10° rad/sec for A;Cs,.2 The corre-
data in metal is a hyperfine coupling constant that describesponding Knight shift in KCg is 37 ppm. However, the
the interaction between electronic spin and interestingemains to be determined. In this context, we performed a
nuclear spin. Although>C-NMR in Cg, superconductors simulation of the®®*C-NMR spectra. Using the value fag,,
A5Cqo (WhereA is alkali meta) has been extensively studied previously reported and the anisotropic Knight shift obtained
by many author$;*2a reliable value for this quantity has not from the simulation, we successfully determined the value
yet been determined in this system. For this reason, limitedor d in typical Gso superconductors #Cgo, RD;Cgo, and
analyses of the NMR data to obtain information on the elecRb:CsGs. The results were critically compared with the pre-
tronic state have been reported. For example, NMR evidencéous ones and band calculation results.

for the electronic correlation effect inggsuperconductors, _ Based on these studies, we examined the so-called modi-
which has been believed to be important, is still controverfied Korringa relation, which holds for conventional metals,
sial. ' to study the role of the electronic correlation A3Cgo. Al-

However, there are several reports on the hyperfine coJ—hou.gh manly t"?‘u:}hﬂrsd h]fw.f SUN?\%SSteqc;he Importance Otf telec-
pling constants. For example, it was discussed that a dipolaLFon'C correlation, definite evidence seems not 1o
) . . ; . ave been established. Finally, we report an analysiS®f
mechanism dominates th€C spin-lattice relaxation rate ; ) )
1/T; by Antropov etal. on the basis of their band fspectrg n thehsupﬁ rco.ndlécglng Stﬁft %]F'E) (t:hat ggve n-
: " ; ormation on the chemicdbrbital) shift o and mag-
calculations? and by Maniwaet al. from the experimental ' icabrbita) shi 3 ~60 g

. e . . . netic penetration depth in the superconducting state.
point of view?> A larger isotropic coupling was reported by
Kerkoudet al® and Sasaket al.,° which corresponds to an
isotropic Knight shift of 60—80 ppm in Cgg at room tem-
perature. An experimental determination of both the isotro-
pic and anisotropic coupling constantg,, and d, was re- 13C-NMR was observed with conventional pulse and
ported for the first time to our knowledge by Zimmedral.in Fourier-transform NMR apparatus at a magnetic field of 4
RbyCs.® Sasakiet al. also discussed the ratio ing&g.°  and 9.4 T. Powder samples of&g, and RRCq, Were pre-
However, it might be difficult to obtain the reliable value in pared by conventional vapor-reaction technique. HC4,
these studies because spin susceptibility of their mateyials *C was enriched to~20% from the natural abundance of
is almost temperature independent. Recently, this difficultyl.1%, and the starting{gpowder was purified by the subli-
was overcome by a finding that, of (NHz)KsCqo shows a  mation method? Low-field magnetic susceptibility measure-

II. EXPERIMENT AND RESULTS
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FIG. 1. Temperature dependence BE-NMR linewidth [full - 1 e
width at half maximum(FWHM)] in K5Cgy and RRCyp.
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ments gave a superconducting transition temperafyref shift (ppm)
19 K for KyCeo and 29.5 K for RgCeo. The shielding frac- FIG. 2. Powder line shapeguppe) in the case of axial-
tion was more than 60% in both the samples. symmetric chemical-shift tensofmiddle) in the case of axial-

*SC-NMR spectra in KCqo and RCq; have been known symmetric Knight-shift tensor, an@otton in the case of coexist-
to be strongly temperature dependent at elevated tempergnce of axial-symmetric chemical and Knight-shift tensors. Both
tures. In Fig. 1, the full width at half maximufFWHM) of  the chemical and Knight-shift tensors were assumed to be traceless
the 3C-NMR spectra in KCqo and RRCq is shown. Above  and to have opposite sign from each othéf=8,>0, K,=K,
~150 K, the linewidth decreases with temperature. Such be<0, 25,+ 5;,=0, and K, +K;=0.
havior is interpreted by motional narrowing of the NMR
spectrat® i.e., above~150 K, Gy, molecules begin to rotate tensor o+ K is given by (5,+Ky,8,+Ky,85+Ks). It is

in a time scale shorter than the inverse of NMR IineWidth’known from a symmetry consideration of the electronic
~10 usec. Because this averages out the anisotropy, only ﬂ\ﬁave function at the carbon site igghat the third principal
low-temperature spectre<~100 K) were simulated in the axis should be nearly parallel to the carbom, drbital.
present study. (2) Isotropic chemical shift is 150 ppm and temperature
independent, as argued in previous repbrfn observed
A. Basic assumptions for simulation of'*C-NMR spectra linearity between thé>C shift at room temperature and the
square root of the low-temperatul® spin-lattice relaxation
rate, except for ammoniatehCqo, Suggested that the origin
~ . - of the Knight shift does not significantly change within
(yn/ZW)AH' whereA IS a shleld_lng _tensor_of second rank A3Cgo superconductors with face-centered-cubic structure
and H |?7 an apph_ed magnetic flelq with components (fcc) 618
,(O'OHO)' T.he fractlon~al frequency shifiz f/fo, Wherefo (3) The traceless chemical shift tensor is the same as that
is yaHo/2m, is given byA. In the present papeAf is mea- ot pyre G, and approximated to an axial symmetric tensor
sured from a resonant frequency of TMiStramethylsilang  \yith the principal valueg54.2, 54.2—108.4 ppm°15Vva-
apd the positive shift corresponds to a resonance frequen%ity of this assumption is given by a simulation &fC
higher than that of TMS at the same field. spectra at a superconducting state where the Knight shift
_There are two types of interactions between electron anglisappears, as shown later. It should be also noted that the
interesting nucleus: electronic-spin—nuclear-spin '”teraCt'o%nisotropic chemical shift of insulatinsCqo is roughly the
and electronic-orbital-nuclear-spin interaction. We call thégyme as that of puresgsolid: (218, 218, 32 ppm from TMS
shift tensor due to these interactions Knight stiftand  for K ,C,,and (223, 213, 3Dppm from TMS for RRCq, with
chemical Shlfta', respectively. Another important interaction the isotropic shift of 156 pprﬁo This suggests that the
is nuclear-dipole—nuclear-dipole interaction. This is also dechemical shift anisotropy does not significantly vary within
scribed by a second-rank tensor. However, it cannot changg,c,, compounds.
the isotropic shift or the center-of-mass position in the pow- ~(4) |sotropic Knight shiftKs,, is 37 ppm for KCeo, 41
der spectrum because this tensor is traceless. In the case fm for RRCg, and 43 ppm for RECsGy, which were
spin larger than one half, there is electronic quadrupole inastimated from the lattice constant at room temperétiiree
2 ) ) ] ignored. The procedure froiii)—(4) is illustrated in Fig. 2.
In the present simulation, we assumed the following. (5) There are three carbon sites with intensity ratio of
(1) An anisotropid(tracelesspart of chemical and Knight  1:2:2 These carbon sites have different local density of
shift tensorse and K is axial symmetric and its principal states whose ratio is given by a band -calculation;
axes are the same. Therefore, the principal valuesfand  ~4:~7:~12 for KsCoor ~3:~4:~7 for RbCq, and
K can be denoted by ,d;,8;) and K;,K;,K3), where  ~3:~4:~7 for Rb,CsGy.?t The Knight-shift anisotropy
25,+83=0 and X;+K3;=0, respectively. The total shift should be proportional to the local density of states. Thus,

The NMR frequency shift of &°C nucleus with gyromag-
netic ratio y,, Af is given by thez component of
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the observed line shape is a superposition of three powde experimental
line shapes coming from these three carbon sites. However k¢, |- simulation
the site dependence #fi, is ignored, because the absolute 1235 theoretical
value forK;s, is much smaller than the Knight-shift anisot- dl=50ppm

ropy of 250—-300 ppm, as shown later. d,=40ppm

(6) Additional inhomogeneity, deviation from axial sym-
metry, and nuclear-dipolar interaction are included by a con-
volution of a Gaussian function ekp(Af/A)?], wherei
(=1,2,3 denotes the three carbon sites. An inhomogeneity
has been actually observed by high-resolution NMR experi-
ments in RECqy even at room temperature where motional
narrowing is partially taking plac®. With increasing3C
concentration, homonuclear®C-13C dipolar coupling be-

comes important to thé“C line shapé? However, the T R v — P R T S—
13C-T, measurements indicated that the linewidth due to thisa)  sift from T™MS (ppm) shift from TMS (ppm)
coupling is still smaller than-5 ppm at 9.4 T even in the

present **C-enriched sample §Cs. This value is much RbCy,

smaller than the obtained Gaussian broadening linewlgth dlf%ﬁpm

as well as the anisotropy of Knight-shift and chemical-shift  d,=s8ppm
tensors, as shown later. d,=38ppm

B. 1®C-NMR spectra in normal state

With the above assumptions, we simulated the observec
NMR spectra to obtain the traceless Knight-shift tensors
(Kyj,Kqi,Ksj), wherei (=1,2,3 denotes the carbon site.
The results are shown in Fig. 3. Averaged values for Knight-
shift anisotropyK;—K,) are 252 ppm at 35 K and 259 ppm

300 0

at 85 K for K3Cgqp, and 279 ppm at 33 K and 286 ppm at 77 200 200 0 400

K for RbyCs. We also simulated thé3C spectrum of  (b) shift from TMS (ppm) shift from TMS (ppm)
Rb,CsG, reported by Penningtoret al® The obtained

anisotrpy(K;—K)=300 ppm for RpCsG, at 80 K is very Rb,CsC,

close to their estimate of 296 ppm in which only a single dzﬁ%’;pm

traceless Knight-shift tensor was considered. Similarly, a d'=43ppm

traceless Knight-shift tensq®16, —92, —124) ppm deter- dj:mppm

mined by Zimmeret al. for Rb;Cgo at room temperature
(RT), based on the assumption of single traceless Knight-
shift tensor® is close to the present result90.7, —95.3,
—95.3 ppm. These agreements suggest that the average
Knight-shift anisotrpy can be obtained within15% accu-
racy, irrespective of a single or a three Knight-shift tensor
assumption.

To obtain good fitting, however, we need the large inho-
mogeneity ofA;=40—-60 ppm. Although this is partially due

200 0

400

to a deviation from axial-symmetric chemical and Knight- bift from TMS
shift tensors, there must be a large distribution of carbon () shilt from (ppm)
atoms with different electronic states. FIG. 3. Comparison of experimentally obsen/é@-NMR spec-

The ratio of a traceless Knight shift to an isotropic oneyrg with simulated line shape&) for K4Cqg, (b) for Rb,Ceg, and(c)
(Kz—K1)/Kiso is 7.27(7.46) at 33 (85 K for KsCeo, 7.17  for Rb,CsGy The spectrum ofc) was taken from Ref. 9.
(7.34 at 33 (77) K for RbyCq, and 7.35 at 80 K for _
Rb,CsG, These values are very close to each other, sug- From the above estimate ¢K;—K;)/Kis, and the value
gesting that the electronic wave functions at the Fermi levefor @iso, We can obtain the anisotropitraceless hyperfine
have essentially the same characteristics in thes@\f@, COUPling tensor d;,dy;,dsg) as 211: —dgy2=—2.44,
compounds as discussed later. An average value of 7.32 is i ~ 27 % 1-_68(1@ rad/sec) per 6o’ . Here,dy;, dss, and
good agreement with 6.9=324 ppm/47 ppi estimated ~ &iso @€ defined by

from the Knight shift reported by Zimmest al. for Rb3C60.3 d; Qiso
However, it is quite different from 3.86=3/0.78 by Sasaki Ki:h s (i=1,2,3, Kiso=ﬁ 2 s, (D
et al1° We believe that in their fitting and data quality it is Ye¥n Ye¥n

difficult to deduce a usefully accurate Knight-shift tensorwhereys is the spin susceptibility perdg andy, (v,)>0 is
from the 13C-NMR spectra with linewidth much larger than the electronic ¥*C-nucleay gyromagnetic ratio. Further, we
the expected isotropic shift. have
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Xs= 2a,u§N( Ep)= %a(ﬁ Ye)ZN(EF)v 2 C. Korringa relation and electronic correlation

. . . , Next, we discuss the modified Korringa relation. In the
whereN(Eg) is electronic density of states at the Fermi level .5q6 of the isotropic hyperfine interactihthe Korringa
for one spin direction and=1[1—-IN(Eg)] an enhance- (gjation is given by

ment factor, the so-called Stoner factor, gnglis the Bohr

magneton. (T1T)isoKZ.=BS, (43
On the other hand, the anisotropi@xial-symmetrig 1DiscKiso™ P
Knight shift, which is due to dipolar interaction with elec- AL
tronic spins in the carbon® orbital, is given by S=(7—e) (47-rk ) (4b)
n B

Ki=Ko— — &: _ E 1 3) where deviation of3 from unity is a sign of the importance

1mhe 2 5\r3 £ Xs- of electron-electron interactiotelectronic correlation and

F the Korringa constansS is 4.165<10 © (sec K) for **C

Therefore,dy; (= —ds92) is —0.4 1/ er(hvey,) due to  nucleus. For the dipolar interactiddipolar mechanisms**
the dipolar interaction, where )g means an average of the the powderangulay averaged, is related to Knight shift as
distance between electronic spin and the interesting nuclear

2
spin over the conduption electron_wavesfémctiu(‘r) nor- <i> _ E) kBﬁs('yn')’e)z[f <—13>N(EF)} :(E) Kii
malized in the G unit at the Fermi levet®® The obtained Tl g 12 ST S
values for @1;,d;;,d39) lead to(1/r3)=0.031%5°, where (5)

ag is the Bohr radius. If we normalize the wave function in

3\ — -3
the carbon atom, we havel/r®)=60x0.0315= 1.8%, " If there are the above two types of interactfGr{1/T,T),

. . 3 _ 73
This is very close to a value dfl/r*)=1.7ag " for the 20,  after averaged over the three carbon sites, is expressed as
orbital of a free carbon atom, suggesting that the wave func-

tion at the Fermi level mainly consists of the carbop, 2 < 1 > < 1 > ( 1 )
dip iso

where we neglected the effect of electronic correlation.

1
orbital. [Here, we considered that the wave function is a IT 7/ tli7) = /3—8)(2<K§>+<Ki250>).
linear combination of the carbonp2 and X orbitals as 1 1 !
u(r)=agy,,+ by with a+b?=1.] However, this value is (6)
substantially smaller than 3.3 ° obtained for KCgo USiNg In this formula, an enhancement faciwas introduced as
an ab initio local-density-approximation calculation by in Eq. (4a), and(K?) means the site average. A similar for-
Antropov et al’* Such a large value was explained by amula for a single shift tensor has also been deduced by
compression of the wave function in the crystal. One possimehring et al?’
bility for the difference is a mixing of @, and 2o, orbitals Using the site-averaged values fd/T,T) and(K?), we
to the wave function, which was neglected in the presenpptain the enhancement factgras shown in Table I. The
analysis. If we include @, and 2o, components, the right- reliability in this estimate of the absolute value f@may be
hand side of Eq(3) should be multiplied by a factor smaller +209, which is partially due to the definition oF;
than unity, and thus we would have a larger value(fr®).  (~109%) and the other comes from Knight-shift determina-
Similarly, we can estimate a carbos 2omponent in the  tion (~10%). Therefore, 8 is (0.40+0.08)—(0.580.17)
conduction-electron wave function usings, given by  and temperature independent as is usual for a Fermi liquid in
(87/3)|u(0)|?) (i yeyn). We obtain(|u(0)[>)=0.03%5>  the temperature range studied. It shows that the deviation
for the wave function normalized in carbon atom. This valuefrom Korringa relation for noninteracting electrons, that is,
is compared with 2.76¥;® for the free-carbon € orbital.  the deviation from unity in3 is not so large compared with
The ratio of these values gives a measure of the@mpo-  conventional metals witl8~1. However,3 is smaller than
nent in the conduction-electron wave function Bf: unity. This means that the enhancement df;1due to anti-
~1.3%. The result is in fairly good agreement with those offerromagnetic spin fluctuation is more significant than ferro-
calculations using the full-potential linear muffin-tin orbital mognetic enhancement K. [K is proportional to dynamic
(LMTO) method:Ng(Eg)/Ny(Eg) of 1.3—-4.2% depending spin susceptibility witlg=0 andw=0,x(0,0), while 1T, is
on the three carbon sites fory&s.>* Here Ng(Eg) and  proportional to theg sum of x(q,w).]
No(Eg) are the density of states at the Fermi level from The present results fof are compared with those ob-
carbon 2 and 2p, orbitals, respectively. The present resulttained by Mehringet al. 1/2.5 for RRCgy and 1/2.7 for
is also consistent with a previous estimate ¥Z-NMR: K4Cgo at 300 K2’ Although their estimated hyperfine cou-
NS(EF)/NP(EF)<1/45.5 However, an estimated value of pling constants are-3 times larger than the present values,
~1/150 by Antropowet al. seems to be slightly smaller than the obtaineds is very close to each other. This is because
the present resul It is also compared with a high- Eq.(6) does not explicitly include the values for the coupling
resolution solution NMR study that led to the 3%6haracter constants.
“left” in the p, orbital?* The electronic correlation iMA;Cgy has also been dis-
The hyperfine coupling constant should be also estimatedussed by Penningtoet al. in terms of Korringa relatiof.
from an EPR experimenrit. However, in the present case, Based on a measurement of frequelislyift)—dependent;
there is no report for th€g,>~ ion within our knowledge?  in the observed spectra and on an assumption of single
Therefore, the present study is the first complete determinaknight-shift tensor, they considered that the dipolar contri-
tion of °C hyperfine coupling constants f@rg~ . bution to 1T;, (1/T;)gp, Would be about half of the T4
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TABLE |. Parameters obtained from the simulation '8€-NMR spectra, superconducting transition
temperaturél,, and*3C spin-lattice relaxation tim&; deduced from the three-component fit of relaxation
curves(Ref. 5 that is slightly shorter than stretched exponential value. The spectrum,G6Rl was taken
from Ref. 9. The values fopB previously reported are also shown for a comparisBnris defined by

T,TK?~pBS.
[((KS_ K1)2>]0'5 Kiso <1/T1T> Tc
Sample (ppm) (ppm)  (L/sec/k (K) B
K3Ceo at 30 K 269 37 1/137 19 0.58
85 K 276 37 1/132 19 0.58
Rb;Cq at 33 K 294 41 1/96 29 0.48
77 K 301 41 1/91 29 0.48
Rb,CsG at 80 K 316 43 1/69 31 0.40
K3Cqo at 300 K (Ref. 27 1/2.5
RbsCq at 300 K (Ref. 27 1/2.7
K3Ceo (Ref. 5 0.4-1.8

Rb,CsG at 80 K (Ref. 9
(Null evidence for strong correlation

K Cso below 300 K(Ref. 10 1/(7.4+0.1)

observed. From the obtained T4} 4, and Korringa relation For KsCeo with 8=0.58 and (1/T,T)~1/137 (1/sec K),
with 8~1, they successfully reproduced the observed linéN(Eg)=9.9, 6.6, and 4.9 (states/eV spigfCfor a=1, 1.5,
shape. Thus, they suggested null evidence for strong corrénd 2.0, respectively. It is difficult to estimatefrom experi-
lation in A;Cg, SUperconductors. However, it is not clear thatMmental data alone. Heg?azs"_"s% employ the values of band-
the observed frequency dependencd jnis directly related ~ Structure calculation§; 2" which give around 9

to T, anisotropy in the case of the presence of diffefenta states/eV spin @ for K5Cqo for an orientationally ordered
large number of differeftcarbon sites with different elec- State: as shown in Table 1. _ _

tronic density of states. Maniwat al. also discussed Kor- __One example oN(Eg) as a function of the lattice con-
ringa relation inAsCqo ® Their analysis gives only a range of Stant, calculated by Huang al*"is shown in Fig. 4, along
0.4-1.8 forB. On the other hand, Sasaét al. reported a W'tgaN(EE):Xs/ZMB obtained from a NMR Knight shift at
substantially larger enhancement factét(«)=1/3=7.4 RT.° The d|fference in F|g..4 indicates thatis ~1.;4. Un-
+0.11 Their argument is based on the value @f,/d;; expectedly, it seems to be_mdepen_dent of the Iattlce_z constant.
——0.78 for the ratio of the hyperfine coupling constant,Th'S may be an anomaly in materials close to the insulating

which is much larger than the present result, and also basdy'@se that would appear with increasing lattice constant.
on deduction of (1), from the observed (Th)gpe. It is However, the real systems havg,@erohedral disorder,

apparently known that (T4)., is much smaller than which substantially changes the structures of the density of
Iso

l . .
(1/T 1) ops at low temperatures. However, they considered thaftates:’ Recently, it was reported thal(E) of the disor-
(1/T,) i, becomes equal to (L{) 4 at high temperatures dered system is reduced by 15-2QRef. 32 or increased

because the anisotropic hyperfine coupling could be aver?y ~20% (Ref. 33 compared to that of the ordered system.

aged out by g, molecular rotation. This is unlikely to occur. In the experimental paint of view, it i.S difficult to determine .
Even at high temperatures where,,Cexhibits a large- whether the disorder leads to an increase or decrease in

amplitude molecular rotation, the observedTd/should be  N(Er), although the spin susceptibility of BCe, has been

just a site- and angular-averaged value. This does not mea{ und to be slightly larger in the orientationally disordered

that the contribution from the dipolar interaction to T1) phase than4 the ordered_ 3|mple-cub|c_ phase at low
can be ignored. temperaturé? Therefore, we just note that is not so large,

probably in a range of 1 to 1.5, taking the reduction factor of

+20% into account.
D. Stoner enhancement

TABLE Il. The density of states at the Fermi lewd(Eg) (per

The electronic density of states at the Fermi leNgE) eV and spin for K4Cq, obtained by local-density-approximation

can be also discussed. Using E(B, (2), and(6), we have

calculations.
1 a® 2 .2 2 '
ﬁ = E (mkgh)(2d7;+ a5 )N(ER)~. (7) Reference N(Eg) states/eV spin
N . 28 6.1
Substitution of the values fat;; anda;, into Eq.(7) leads 29 125
0 30 8.98

\/E 1 21 9.34
N(E,:)=152( —) <—> (states/eV spin §). 12 9.0
a T,T Average 9.18

1
8
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be 148.5 ppm. Closed circles are band-calculation results by Huang P N R B N N
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E. 1®C-NMR spectra in superconducting state

FIG. 5. Temperature dependence'dE-NMR spectra in KCq

NMR frequency shift in superconducting state is given bymeasured at94 T

o= 50rb+ K+ 5dia- (9)
Here, 8,1, is an orbital shift(or chemical shift and usually ~SUmption is based on an observation that almost allsie
temperature independent even at the superconducting stafé"Pons give a similar or typical chemical-shift line shape.
On the other hand, Knight shif decreases with tempera- | N€ result is shown in Fig. 7. Parameters obtained2té,
ture, and follows a Yoshida functioli.Such behavior was 182, 49 ppm from TMS for the CheT'Cfi_"Sh'ft tensor, and
actually observed by Stenget al®® which indicated that the convolution function is exp(&*/A% with A=43 ppm.
isotropic Knight shifts of alkali-metal NMR 0fA;Cgo SUpET- This means that the anisotropy of the chemical shif6ig,

conductors are described as typical weak-coupling supercors®: —101) ppm and the isotropic shift is 148 ppm. These are
ductors withK~0 at T~0. The third term of Eq(9) is a  compared with(70, 39,~110 ppm and 143 ppm for pristine

diamagnetic field due to superconducting shielding. When

the vortex forms a triangular latticd,it is given by 140 ' ' ' '
i @) ]
_(1=N) P ~054 z0f 94T ]
5dia_ H 477)\2 In| 0.38% g s (10) é - Hﬁ.%a
where®, is flux quantum\ magnetic penetration deptH, % 100 E%%ﬁppeg@m B o i
the nearest-neighbor vortex distanéepoherence length, and E 80 [ ]
N the demagnetization factor. Using these equations together
with Eq. (11), we can obtain isotropic and anisotropic chemi- 60 - . . . ‘ ]
cal shift and the penetration depth 0 10 20 30 40 50
Figure 5 shows the temperature dependencE@NMR Temperature (K)

spectra in KCgo Observed at 9.4 T. Significant change of the
line shape can be observed. The isotropic shjiff and the 220 ' ' ' ' '
linewidth (FWHM) A are shown in Fig. 6. An rf frequency- . 210F  (®) 3
shift measurement indicated that the superconducting transi- é 200 3
tion temperature is around 15.5 K at 9.4 T. Roughly speak- 2 190 o O 0 o E
ing, the high-field shift with decreasing temperature, which g 180 ¢ (;J 3
corresponds to the decrease of the spin susceptibility, sug- g 170 ¢ e 3
gests formation of spin-singlet Cooper pairs. The line broad- = 160 o~ 3
ening should be ascribed to the field inhomogeneity caused 150 o™~ 3
by formation of a vortex lattice. 140 0 T 2'0 3'0 4'0 ——2

Assuming that the isotropic and anisotropic Knight shifts
are zero at the lowest temperature 4.2 K, we simulated the
line shape at 4.2 K. In this simulation, we assumed that all FIG. 6. Temperature dependences(af the linewidth and(b)
the carbons have the same nonaxial chemical-shift tensor, @enter-of-mass position dfC-NMR spectra in KCq, measured at
used in the previous analysis of purg,@olid}®° The as- 9.4 T.

Temperature (K)
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BCinK.C andN=1/3, &;,=7.2 ppm. In this case, the isotropic chemi-
at 9.4 T3 * - cal shift is 148+ 7.2~155.2 ppm, slightly larger than 150
42k | T ;"gﬁfﬁggt ppm used in the simulation of normal states. This valuexfor

is, however, a lower limit, because there would be an addi-
tional broadening, for example, caused by inhomogeneity of
d4ia in the crystal. Then, we estimate in an alternative way as
follows. The value for\ recently determined by magnetic
susceptibility measurements for;8s, single crystals is
~853 nm on average, which distributes in a range of 770—
1020 nm?*® This value leads to §;,=3.2ppm and
Sso=151 ppm, supporting assumptio(® and (3).

theoretical

. SUMMARY

In summary, we determined the anisotropic hyperfine
o e e L coupling tensor as—1.68,—1.68, 3.37 (10° rad/sec) for
400 300 ] 200 100 0 -100 Ceo~. Combined with the isotropic hyperfine coupling con-
shift from TMS (ppm) stant ofa./27=(0.69+0.06)Xx 10° rad/sec, the present re-
FIG. 7. Comparison of experimentally obsen/é8-NMR spec- sults indi(_:ate that the condu_ction-electron wave.functions at
trum with simulated line shape at 4.2 K in the superconductingthe Fermi level mainly (_:0nSISt of a carbprp;orbn_al. The
state. In the simulation, single chemical-shift ten€zg5, 182, 47  result roughly agrees with band calculations, while the con-
ppm was assumed and Gaussian convolution of a width of 43 pprifibution from the 2 state to**C-1/T is slightly larger than
was used to take an additional broadening into account. the estimate of Antropowet al. based on local-density-
approximation calculation. The Korringa relation examined
Ceosolid X It is found that the anisotropy is very close to that Provided evidence for the existence of weak but substantial
of pristine Gy, supporting assumptiof8) in Sec. Il A. antiferromagnetic fluctuation i;Cq. This should be as-
Next we discuss the additional broadeningiof 43 ppm cribed to an electronic correlat|o.n effect or the compme:d
(=4.0 G.. In the vortex state, the second moment of the fielgeffect of a sh(i)rt mean free path with electronic correlation in
inhomogeneity due to vortex latticaH? is approximated the materialé® An analysis of the*C-NMR spectrum of the
1038 superconducting state justified the assumptions used in the
simulation at normal state and the origin of the Knight shift.

)
AHZ= ——— (11)
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