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Magnetic excitation and superconductivity in overdoped TISsCaCu,O;_5: A ®Cu NMR study
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We report extensive measurements of the Knight sfjfthe nuclear spin-lattice relaxation ratél'y/ and
the Gaussian spin-echo decay raf€,3/of ®Cu in overdoped TISCaCy0O,_ 5 (TI1212) with T, = 70 K, 52
K, and 10 K, in order to elucidate the origin of the reductionTinwith increasing holes and to identify the
symmetry of the order parameter. In the normal state, it is shown tAal ldbeys the Curie-Weiss law,
pointing to the presence of the antiferromagne#d) spin correlation. From the analyses ofT1/and
1/T,q, it is found that the increase of the hole content in TI1212 compounds makes the characteristic energy
of the AF spin fluctuation around a zone bound#ys (w/a,w/a), I'q, transfer to a higher-energy region and
concomitantly reduces the magnetic correlation lerggttsignificantly. The AF spin correlation is concluded
to become less distinct in going from the optimum-doped to the overdoped regime. In the superconducting
state, theT dependences df and 1T, have revealed that the superconductivity is in the gapless regime with
a finite density of states at the Fermi level. The NMR results are consistently interpretediiwthee model
in which the impurity scattering is incorporated in terms of the unitarity limit as demonstrated in most of the
high-T cuprates so far. Eventually, the reductioninfrom 70 K to 52 K in T11212 is concluded to be not due
to the impurity effect associated with the oxygen content. In the previous works, the enhancemgfrbof
93 K in YBa,CuO; with double CuQ layers to 115-135 K in 5BaCaCu;0,9 and HgBaCaCusOg ., 5
with triple CuG, layers was shown to be due to the increasEdrwith &, unchanged appreciably. This finding
was compatible with the relationship @‘ocFQgﬁ]exp(fl/)\) based on the spin-fluctuation-induced mechanism
for thed-wave superconductivity. Within the same scheme, the origin of the marked decrdasg@spective
of increasingl’q in TI1212 is proposed to be due to the significant reductiodi,jrwhich makes the pairing
interaction weaken anil in the above formula reducefi50163-18286)03838-4

[. INTRODUCTION model’ However, whereas the spin gap behavior was repro-
duced in the bilayer compound TIgtu;_,Ca,)Cu,0,

In order to explore the mechanism of highsupercon- €ven though a disorder was introduced into the Ca layers by
ductivity, numerous works have been carried out on variougubstituting Lu to control holes and the CuO chains are
high-T., cuprates, e.g., underdoped 43Sr,CuQ, (LSCO), absent it was not observed for LSCO with a single CuO
overdoped T}Ba,CuO;. s (TI2201) with a single Cu@  Plane even in the vicinity of the superconducting to magnetic
layer, YBa,CusOs., (YBCOg.,), YBaCuOs (Y124) phase boundaryTherefore, it is still controversial whether
YBa,CusO, (YBCO,), Bi,Sr,CaCwOs (Bi2212) with or not spin gap behavior is relevant to a superconducting
double Cu@ layers, and TjBa,Ca,Cu;0y (T12229 and mel%hca(?rln?g'st in the optimum-doped YBGQnd overdoped
HgBa,Ca,Cus0g. 5 (Hg1223 with triple CuQ, layers! It is ’ P P G@nd ov pe

) TI2201 compounds wherd . decreases with increasing
well known that the normal state properties of high€u-

. N holes!® y«(T) deduced from the Knight shift of*Cu is T
prates are unusual, such as fhdinear resistivity and the independent, wherea®(1/T,T) increases down td,* as
L] (o]

anomalousT dependence of the Hall coefficient, étn par-  ye||" as in LSCO? although its magnitude is considerably
ticular, the magnetic properties in underdoped compoundggyced with increasing holes. The Curie-WeTsslepen-
are quite unusual. Namely, the spin susceptiblityT) de-  dence of®3(1/T,T), which is rather commonly seen in most
creases upon cooling. The nuclear spin-lattice relaxation ratgf high-T, materials than the spin gap behavior, has been
of ®Cu, ®(1/T;), does not obey &, T = const relation, but  described in terms of the self-consistent-renormalization
%%(1/T,T) follows a Curie-Weiss law abovE, in LSCO and  (SCR theory!? the phenomenological antiferromagnetic
YBCO,,° whereas it exhibits a peak far abovk in  (AF) spin fluctuaton mode® and by various
YBCOg,, (Refs. 3,4 and Y124° The latter result was ar- approache$**° A further remarkable finding was that the
gued to provide an evidence for a spin gap behavior; that isgverdoped TI2201 compounds, in which the AF spin fluctua-
a low-energy part of the spin fluctuation is suppressed beforéon was not appreciable, no longer exhibited superconduc-
the onset of the superconductivity as also shown by neutrotivity, instead showing thd ;T = const relation in a wide
inelastic scattering experimerfthe spin gap behavior has T range!' These results have suggested that the AF spin
drawn much attention with the expectation that superconduczorrelation plays a role for the occurrence of the supercon-
tivity may occur in a new framework of the spin-charge ductivity.

separation based on a resonating valence b@RUB) As a matter of fact, from extensive NMR measurements
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involving the Knight shiftK, the nuclear spin-lattice relax- diffraction experiment® The sample was pulverized into
ation rate 1T,, and the Gaussian spin-echo decay rategrains with a size smaller than 20m in diameter for the
1/T,g of ®3Cu in the normal state of TI222®Ref. 16§ and NMR measurements. All grains were aligned along the
Hg1223 (Ref. 19 with triple CuQ, layers, we have found axis by use of the anisotropy of the susceptibility and fixed
that the characteristic energy of the spin fluctuation around aith a polymer in a magnetic field of 11 T.
zone boundaryQ=(w/a,m/a), I'g, is markedly larger for The NMR measurements were carried out by a conven-
both TI2223 and Hg1223 than for YBGQwithout a marked tional phase-coherent laboratory-built pulsed spectrometer
variation of the magnetic correlation lengéh,. Since the by use of a superconducting magri¢2 T at 4.2 K. The
spin-fluctuation-induced superconducting mechaffisth  8%Cu NMR spectrum was obtained by using a boxcar inte-
predicts a highefT. for a IargerFQgrzn, the higherT, in grator with sweeping magnetic field. The Knight shift,
TI2223 (T,=115 K) and Hg1223 [.=133 K) than in  1/Ty, and 1T, of ®3Cu were measured dt= 125.1 MHz
YBCO, (T.=93 K) has been suggested to be due to an enover aT range of 1.4-250 K in-11 T parallel and perpen-
hancement of¢ol'g . dicular to thec axis. 1T; was measured by the saturation
As for the superconducting properties, the NMR results inrecovery method. The nuclear relaxation functi(t) for
Zn-doped YBCQ,° Hg1223%' TI22232%2 TI2201%°  the central transitio1/2 — —1/2) for |=3/2 among the
Bi22122* and LSCO(Ref. 29 (x=0.20 were consistently ~quadrupole split lines is given BY
interpreted by thel-wave model in which the impurity scat-

tering was incorporated in terms of the unitarity limit. With ()= M) —M(@®) _ o — 6t o Lexd — t
increasing experimental evidence that the order parameter M () ' T, ' T,
(OP) is of thed-wave type withd,2_,> symmetry, the spin- (h)

fluctuation-mediated mechanism predicting thevave for
the high-temperature superconductivity becomes promisin
together with the intimate relationship betwe€&p and the
AF spin correlation.

In order to obtain further firm evidence for the pairing
mechanism of higf-. superconductivity, we need more per-
spective information covering not only from the underdoped E(27)= EoeXF{ _
region near the insulator to superconducting boundary, but

27) 1( 27>2
T2L 2 TZG

also the overdoped region involving the superconducting to _ . . .
metal boundary. So far, there have been few systematiWhere 1T ,¢ is the Gaussian spin-echo decay rate associated

experiments on the overdoped systems except for th)éyith.the ingirgct nuclear spin.-spin coupling Fhrough the elec-

TI2201 compounds with a single CuyOlayer. The tronic excitations, and T, is the Lo_rentZ|an d_ecay rate

TISr,CaCw,0,_ 5 (TI1212) compound consists of the pyra- associated with the_ nuclear spin-lattice rela_xat|0n process.

midal CuO, bilayer in the unit celt® as in YBCOs,,, but ~ L/Ta Wwas determ'gged from the expression ofT3/

without the CuO chainT, of these compounds is controlled =3(UTy)+ (1T, -

by reducing oxygen in the TI@layers and decreases mono-

tonically from 70 K b 0 K with increasing oxygen contefft, ll. EXPERIMENTAL RESULTS

assuring that TI1212 is in the overdoped regime as in 6 63

TI22011° The Hall coefficientRy, and the resistivityp ex- A PCu NMR spectra and g

hibited the anomaloud dependences in the normal stdte,  Figures 1a) and ib) show the ®*Cu NMR spectra aff

as seen in other higlz materials. The former shows a broad = 4.2 K andf=125.1 MHz for the compound witfi.=52 K

peak for all compounds around 100—140 K, above which thdor the central transitiof1/2 < —1/2) in partially oriented

Hall numbemy,= 1/R,,e exhibits aT-linear dependence. The powder with thec axis parallel and perpendicular to the ex-

latter, on the other hand, shows the power-IBaependence ternal magnetic fieldH~ 11 T, respectively. As seen in

of p=po+T" and the exponent gradually changes from 1 €ach figure, a broad spectrum in the higher-field region arises

to 2 with decreasind, i.e., with increasing holes. from unoriented grains. Solid and dashed arrows correspond
In this paper, we report extensifCu NMR investiga- t0 respective peaks arising from grains with= 90° and

tions of the magnetic and the superconducting properties in 41.8° to thec axis. From the integrated intensity ratio of the

series of the overdoped TI1212 compounds With= 70 K, ~ spectrum with the intense peak in the low-field region to that

52 K, and 10 K in order to elucidate the origin of the reduc-With the broad spectrum in the high-field region, the fraction

tion in T with increasing holes and to unravel the symmetryof oriented grains with the axis parallel to the field is
of the OP of the superconductivity. anticipated to be-60% of the whole sample. SinceTl/at

the peak was uniquely determined with a single component
in the normal state as described later, some contribution from
the spectrum associated with unoriented grains was consid-
TI1212 polycrystalline samples were prepared by the conered to be negligible, if any. The shift was precisely deter-
ventional solid-state reaction method described elsewiere.mined from the peak of the spectrum of oriented grains.
T. defined as the temperature below which the diamagnetic The full width at half maximum(FWHM) of the spectrum
signal appears in ac susceptibility depends on the annealirfgr ¢|H is about 300 Oe in the normal state, which is similar
condition. Three samples with,=70 K, 52 K, and 10 K to those in other Bi{Ref. 24 and Tl-based compound?®
were confirmed to be of almost single phase by powder x-raput is broader than for Y- and Hg-based compounds

hereM (t) is the nuclear magnetization at the timafter

e saturation pulses. The spin-echo amplitéjerecorded
as a function of timer between the first and the second
pulses, was fitted well to the expressidn

, @

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. 3Cu NMR spectra of TI1212 witfT ;=52 K at T=4.2
K and f=125.1 MHz for(a) H|c and(b) HLc. Solid and dashed
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FIG. 2. (0—%3yyHed/(®3ynHied VS (}yyH,ed 2 plots for
TI1212 withT, = 70 K (O), 52 K (@), and 10 K (). Hs are
the resonance magnetic field fetL ¢ axis at various NMR fre-
guencies in a range of 80.1-125.1 MHz.

Knight shift K(T) in high-T, cuprates consists of the

arrows correspond to respective peaks arising from unoriente@-independent orbital parfK,,, and the T-dependent spin

grains withd = 90° and 41.8°, wher@ is the angle between the
magnetic field and the axis.

(<100 Oeg, suggesting that the homogeneity in the GuO

plane is somewhat worse than in Y- and Hg-based system

In the case thaH is perpendicular to the axis, the shift

consists of the Knight shift and the second-order quadrupole

shift. The Knight shift perpendicular to tteaxis,K, , and
the nuclear quadrupole frequeney, can be expressed for
the central transitiorfl/2 < —1/2) of 1=3/2 according to
second-order perturbation theory as follos?

63, 2
3- VQ

1601+ 5K ) (BynH e9?”

o= 637N Hre
° YnHres

°=53¢, +

)

whereH s is the resonance fiel#®yy the nuclear gyromag-
netic ratio, andw the NMR frequency, respectively. In order

partKy(T),

Ka(T):Korb,a+Ks,a(T) (a=J_,||). (4)

According to the Mila-Rice Hamiltoniaff, the spin Knight
2hift of 5°Cu in the CuQ plane, 8K, is expressed as

®

whereA, andB are the on-site and the supertransferred hy-
perfine fields of®3Cu, respectively, ang(T) is assumed to
be isotropic.A, contains anisotropic dipole, spin-orbit, and
isotropic core polarization contributions for the Cd,3 2
orbit, andB originates from the isotropic 4s Fermi-contact
type of the spin polarization produced by neighboring four
Cu spins through the G8d,2_2)-O(2po)-Cu(4s) hybrid-
ization.

Figures 3a) and 3b) show theT dependences ofK

BKsa(M=(As+4B)xs(T)  (a=L1,]),

to separate the Knight shift from the quadrupole shift, theand 63K” for the compounds withlT;=70 K (O), 52 K
frequency(magnetic field dependence of the spectrum has (@), and 10 K (J), respectively. Both®*, and GSK” de-
been measured at several different frequencies in a range efease rapidly below . for the compounds witiT,.=70 K
80.1-125.1 MHz as seen in Fig. 2. From the slope of(O) and 52 K @), demonstrating the spin-singlet-pairing

(0—3yNHed/%%ynHies VS (3ynHed 2 plots obtained
from the  dependence ofi s, *vg's are estimated to be

state. In contrast to the underdoped systems in wﬁ?Klp is
dominated by th& -independent orbital contributioﬁ?K” in

~20.7, 22.5, and 25.8 MHz for the TI1212 compounds withT|1212 exhibits a significanT dependence, reflecting the

T.=70 K, 52 K, and 10 K, respectively. Apparentl??vQ
increases with decreasifng,, i.e., by doping holes.

B. Normal state
1. Knight shift

The bulk susceptibility in TI1212y(T), revealed a small
Curie-like upturn at low temperaturé$associated with the
presence of CU' impurities. So it is difficult to extract the
intrinsic magnetic behavior frorg(T). By contrast, the local

susceptibility at each atomic site can be obtained from th@xygen-deficient

Knight shift without an influence of impurity spins. The

spin Knight shift. Furthermore, we note that drops to

~ 63 K and 42 K for TI1212 withT. = 70 K and 52 K,
respectively, by applying the magnetic fieldefL1 T paral-

lel to the ¢ axis, similar to the case in TI2204% In the
normal state, it is remarkable that both shifts @rsndepen-
dent, pointing to the invariance ofs; as in the case of
YBCO- (Ref. 20 and TI220112% Thus, theT-invariant y

is a common feature for the optimum-doped and the over-
doped high¥. cuprates in contrast to the decrease of
6K, upon cooling in underdoped LSC®, Y1243
YBCQ.,,>* and  underdoped
TISr,(LugyCag 2 CuyOy (T, = 40 K).2 Both shifts for the
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FIG. 3. T dependences of the Knight shifta) perpendicular,
8%, , and(b) parallel, K, to thec axis.O : T, = 70 K. @ : 52 FIG. 4. Relaxation functionR(t) =[M(s)—M(t)]/M ()], of
K. O :10 K. the nuclear magnetization for tleaxis L H~11 T at(a) T=70 K

and(b) T=1.4 K for the compound witi ;=70 K. Here,M(t) is

compound withT, = 10 K do not, however, exhibit an ap- the nuclear magnetization after the saturation pulses. Solid lines are
preciable decrease, suggesting that the onset of the supercdgst fits by the relaxation function of E(fl).
ductivity is not well evidenced from the Knight shift mea-
surements. 2. Nuclear spin-lattice relaxation rate 1/T

As seen in the figures, the respective residual Knight Figures 4a) and 4b) show the relaxation curves of
shifts at 4.2 K K¢, andK g, are estimated t_o be 0.25% 83Cu, R(t)=[M (=) — M(t)]/M (), at T=70 K aboveT,
(0.26% and 1.15%1.16% for the compound witlc = 70 gnqT=1 4 K belowT,, respectively, for the compound with
K (52 K). Kyes; andKg) consist of theT-independent or- 1 —70 K under the magnetic field of 11 T perpendicular
bital and the residual spin shifts associated with the impurity ;) the ¢ axis. The solid curve is the best fit to Ed). Al-
scattering as argued extensively in the literatdfe& From though the orientation of the sample is not perfee(s)
the analysis of I'; below T, presented later, the residual ;poveT . was well fitted by Eq(1) with a singleT, compo-
fraction of the density of stateéDOS) at the Fermi level, \ant a¢ seen in Fig.(d), assuring that the influence from
Nres, Which contributes to the residual spin Knight shifts |, 4 iented grains is negligible.
Kress: IS estimated to b&,./Ny~0.1 whereN, is defined Figure 5 shows th& dependence of¥(1/T,T), for the
as an effective DOS af,. Accordingly, by taking into ac- compounds WithT,=70 K (O), 52 K (@), and 10 K (J),
count the residual fraction for both the spin shifts with respectively. In contrast to th&-invariant Knight shift,
Kress/Ks~ 0.1, Ky, and Ky, are estimated to be 0.20% 63(1/T,T), has a broad peak aroufid ~ 90 K, 70 K, and

and 1.13%, respectively, for both compounds. For an estimagq just aboveT, for the compounds witfr,=70 K, 52 K
tion of ®K, 5%, thus obtained is subtracted from the raw ¢ ¢ ’ ’

data aboved .. From Eq.(5), the anisotropy of°Ky is given

by N

63Ks’” AH+4B 40+ % |

K., A, +4B" (6) . Eo.os_

< g

The anisotropy of5 in TI1212 is evaluated as-0.45, =0 l J o
0.50, and 0.60 for the compounds wilh=70 K, 52 K, and = ! .oogqofo °.° o
10 K, respectively. If the on-site hyperfine fields are assumed E o9l oFo &0 ‘e %0000 0
to be almost the same as those estimated in most of the high- N D.f "%, o,
T cuprates, beingA, ~ 37 kOefug and Aj~ —170kOe/ i ° .
g, 2% B's are estimated to-85, 95, and 120 kOglg S
from Eq. (6) for the compounds witf, = 70 K, 52 K, and ] o
10 K, respectively. As in the overdoped TI228#2 B in .155;;00
TI1212 compounds increases with increasing oxygen con- 0 0200
tent, being considerably larger than the typical value T (K)
(B~40 kOefg) in underdoped LSC® Y1243 and
YBCOg..>* Thus, it is deduced that the Qdyz_,2)- FIG. 5. T dependences df(1/T,T), . O : T, = 70 K. @ : 52

O(2po)-Cu(4s) hybridization in the overdoped compounds K. O : 10 K. Inset indicates th& dependence of¥(T,T), , prov-
is stronger than that in underdoped ones. ing that 83(1/T,T), follows the Curie-Weiss behavior.
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and 10 K, respectively. ThE dependence of¥(1/T,T); was

confirmed to be quite similar to those &% 1/T,T), . In the C\'lg
inset of Fig. 5, %(T,T), plotted againstT reveals a <
T-linear dependence down t6*, pointing to the Curie- Ng: 20— T 11
Weiss behaviorC/(T+ 6), of %¥1/T,T), down to T* as N
observed for LSCQRefs. 2,25 and YBCGQ,,® etc. &—g TISraCaCuz07-6
According to the Mila-Rice hyperfine Hamiltonidh, > | o Te=70K
83(1/T,T) is expressed by @ + 52K
‘°§ o 10K
63,2 ” 9
Yike X'(g,0) & |
UM T =— 72 Fu(a)*—"—, @ 100f F 00 1
ZMB q w I ° Co
= Caadd IS ®o o0
< P M ® . o
*yRke X'(q,0) S ., 0
M), =— 2 [FL(@)?+F(9)’] : D amoang,, e
4IU“B q w ! & eo fooog
- DO0O0pogo o
@) < 7 % 000
wherex(q,) is the dynamical susceptibility. The hyperfine 5 O.ﬁo . i ! 5
form factorsF|(q) andF, (q) are given by [ T K
&

Fy(a)=Ay+2B[cogq,a)+codq,a)],

B FIG. 6. T dependences of &(1/T,T), /([(A, —4B)?
F,(q)=A, +2B[cogqgya)+cogq,a)], ®) (A~ 4B)21/2)/ (2 ike/242) in TIL212 With T, = 70 K, 52 K,

where a is the distance between the nearest-neighbor c@"d 10 K. scaled approximately toa/Ail'q .
atoms. Provided that(q,w) is dominated by the AF spin

fluctuation aroun® = (/a,m/a), *3(1L/T,T) is proportional xX"(Q+q,0)  xq Foiq
to xo(T) in a two-dimensiona(2D) square lattice. Accord- o T 1+0%84 w?+T3 (12)

ingly, it is extracted thajo(T)’s in TI1212 compounds fol-
low the Curie-Weiss law as well as in the underdopedf
compound£:?® Thus, the Curie-Weiss behavior is the most
universal characteristic in the highs cuprates regardless of
doping level. It is noteworthy that the Weiss constanof

or the system where the AF spin correlation prevails, i.e.,
Em=a,

Xo(T) increases with increasing hole content as seen in the 63(1/T. T}~ 637’§k3 A —4B)2 XQ
inset of Fig. 5. Remarkably, it was reported that the super- (AT, Ty~ 2u2 (AL ) Toe2
conductivity no longer took place in TI2201 which exhibited
the T, T=const relation over a wid& region, which is in- 652
dicative of the intimate relationship with the presence of the YNKB X
AF spin fluctuation. P P HUT,T), = 4#32 [(Ai_4B)2+(AH_4B)2]FQ§2
In order to embody the relationship betwe€p and the m(lz)

AF spin fluctuation, we present the systematic change of the
spin fluctuation spectrum described inlzt%ms of the dynamix e gerived sincew— 0 from Eq. (7). From Eq. (12),
cal susceptibility aroun@=(=/a,m/a),™ S%(1IT,T) is related toxo /T oéa(=alTg). In order to ex-
tract the doping dependence afl'g, 831/T,T), divided
XQ+g 9 by the hyperfine form factof (A, —4B)*+(Aj—4B)?] is
1-io/lqg4q’ presented in Fig. 6. In the overdoped TI1212 compounds,
I'g in the compound withT.=10 K is larger than other
higher T, compounds and eventually & dependence be-
2.2 comes weaker, suggesting that the AF spin fluctuation tends
XQ+q=XQ/(1+a%¢n), to be disrupted. In order to present the hole content depen-
dence ofa/I'g with holes increasing from underdoped to
Foiq=To(1+0%), overdoped compounds, tfie dependence of¥(1/T,T); di-
vided by the hyperfine form factory( —4B)? for 10% and
Xo=aé2, (100 15% Sr-doped LSCB®? YBCO,% and TI1212 withT,
=70 K is shown in Fig. 7. It is evident thdt, becomes
where the parameteng,, I'g, én, anda are the AF spin  larger with increasing hole content, which means that the
susceptibility, the characteristic energy of the AF spin fluc-spin fluctuation spectral weight is transferred to a higher-
tuation, the magnetic coherence lengtha unit ofa), and a  energy region as holes increase. Furthermore, from the an-
scale factor to relatgq to &, respectively. By assuming a isotropy of the relaxation rate of 8Cu, ®R=
Lorentzian form for the energy distribution, the imaginary ®3(1/T,), /%%(1/T,), the g dependence of the spin fluctua-
part of x(q,w) is expressed as tion is extracted in an indirect mannérR is evaluated using

xX(Q+q,0)=

with
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N B with Egs. (13) and (14), together with the results of
5 2000 I ' ' Hg1223Y” YBCO,,® and TI22011 Here, A, =37 kOekg
< 2 4 s LSCO. x<0.10 | andA = —170 kOefsg are used for all compounds. As seen
N§ L s + LSCO. x=0.15 in the figure, ®*R in TI1212 is smaller than those in
8 - A = YBCO; YBCO, and Hg1223, being close t¥RAr, suggesting that
£ JA N o TH212, T,=70K the q dependence of the AF spin correlation around
Z Aa, %, 1 Q=(mla,wla) is broad in TI1212.%°R decreases progres-
g 1000 2 By, . | sively from 5R,r to ®R, with increasingB or holes. It is
& st 4, 4 noteworthy that the AF spin correlations in T11212 wikh
2? aa I =10 K and TI2201 withT.=0 K, both close to®%R,, are
g AL faa, Boa considerably weakened and absent, respectively, showing
= ol l “aad that the presence of the AF spin fluctuation is responsible for
=) A @mong the occurrence of superconductivity. We note that the spin
£ - i 0. ° o oo fluctuation spectrum becomes broadergirspace ad'q is
e - A-f | rteesesesene, shifted to a higher-energy region with the hole content. In
0 100 200 300 order to shed further light on the novel nature of the spin
T® correlation from another context, we next concern ourselves
with 1/T,¢ which enables us to measufg in a more direct
FIG. 7. T dependences of ®(1/T,T) /(A —4B)? manner.

(®*yitiks/2ud), scaled approximately to-a/fil'g, for TI1212
with T,=70 K, YBCO,,%° 10% and 15% Sr-doped LSCQRef.
25).

3. Gaussian spin-echo decay rate, L4

As demonstrated by Penningtcet al,?® since 1T,g,
which is dominated by the indirect nuclear spin-spin cou-
pling through the electronic excitations in high-cuprates,
provides an important information on the real part of the
q-%%%endent susceptibility(q). 1/T,g is generally derived

the value ofA, andB in two limiting cases. In the case that
x(9) has a sharp peak at the zone bound&R,r is ob-
tained as

(A, —4B)*+(A—-4B)?
2(A, —4B)?

ORpr= (13
( 1 )2_0.69(63yNﬁ)4

_ 4 2
o I [; Fi(a)*x(a)

Provided thaty(q) is q independent®3R, is obtained as

o (A?+4B%)+(Af+4B?)

' 2(A” +4B?)
R is nearly independent of the temperature and decreasés the case that the spatial spin correlation around
with increasing holes as 1.7, 1.6, and 1.3 for the compound®=(w/a,w/a) is decayed following exptr;/éy),

with T, = 70 K, 52 K, and 10 K, respectively. In Fig. 8, x(Q)=a¢Z is obtained. As a consequenceT & is given
®3Rar and R, of the TI1212 compounds are plotted againstfor &,=a by*°

1 [0.69%%y2% ,XQ
Too EM—%(AH_L“B) g—m(“aﬁm)- (16)

Accordingly, 1T, is related tof,(T) [y xo(T)]. In Fig.

(14 . (15)

2
—(; F(q>2x<q>)

YBCO; ]

Hg1223 (4-fold)
(5-fold) _|

TI2201 (T=72K)

4 o0 e oD

(om0 | 9, the Gaussian spin-echo decay curve$3fu atT=90 K
o= 0K and~11 T parallel to thec axis are plotted against the time,
i — 27, between the first pulse and spin-echo for the compounds
. {T=521¢) | with T.=70 K (O), 52 K (@), and 10 K (), respectively.
v {Te=10K)

All decay curves are well fitted to E@2), assuring the ex-
pected Gaussian decay. Thedependence of Thg is dis-
played in Fig. 10 for the compounds wilh,=70 K (O), 52

- 3 K (@), and 10 K ), together with the data of YBCO
(Ref. 4. A remarkable feature is thatT/s in TI1212 in-
creases with decreasing temperature followed by a peak just
aboveT, as in Hg1223' At nearly the same temperature,
83(1/T,T) exhibits a broad peak as well. In underdoped
YBCOg. (Ref. 39 and Y1242 which exhibit spin gap
behavior, it should, however, be noted thalsY tends to
hyperfine field plots for various highF cuprates(Ref. 11,17,33 ~ Saturate below the temperature whé&Pe1/T;T) has a shal-
with the hole content as an implicit paramet#iR,- and R, are  low peak far abovd .. In order to extract the doping depen-

respective anisotropies for the case where the AF spin fluctuatiodence ofaéy,, 1/T,g divided by the hyperfine form factor
prevails and is absent. (AH—4B)2 in EqQ. (16) is plotted in Fig. 11 together with the

0= =0 120 760
B (kOe/ £ g)

FIG. 8. ®R [anisotropy of%%(1/T,T)] vs B (supertransferred
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results of YBCQ (Ref. 41 and Hg1223! Interestingly,
aé,in TI11212 is smaller than those in YBG@nd Hg1223,

and is suppressed with increasing holes. As holes increas,rehe magnitude ofyo#I's is shown in the inset of Fig. 12
Q™* Q :

over an optimum dopingl’q increases, whereag, is re- .
together with the results of YBCQT.=93 K) (Refs. 40,41
duced. EventuallyT . seems to be markedly suppressed. Byand TI2201 [,=85 K).2 XofiTq is estimated to be- 1.4,

contrast, provided thal’g increases with&,, remaining -

nearly constanfT is sﬂiggificantly enhanced as demonstratedi‘z’rzggelégvz;thebgicr’]gpgg;‘gtzxn?; 7{3 5\;&2} fé;npi rlaciure

in the previous papers: ’ ) ’ 2 ;
Mot Takahash, and Uedé, and Monivoux apa (5. T Tt 5 coniet 1o e behaner o

Pines” (MP) derived thatT is proportional toTo=T'o&, relgion%%"“"“ItQismremarkabIe that the values gfy%il'q in

the effective bandwidth, i.e., the cutoff energy, based on th%’llZlZ.’s are smaller than that for YBGO(~3.5) Qand

AF spin-fluctuation-mediated mechanism. In MP’s expres- G '

sion, T,=To&2[(1- 8)/0.79/exp(—1/\) (= xol'o) was de- 12201 (~1.9.

. d C'th 0Q4mg)\<0 48.b d on th tXQ Q ¥ | In order to uncover an intimate relationship between the

rlvle i Wi TH e ﬁse ﬁn €s rg_”?'fj"“t'?m";g cal- magnetic excitation and the superconductivity in the opti-

cuation. ese approaches have predicle al1S  mum and the overdoped high- cuprates,T.'s are plotted

enhar_lced Wlth6l|7ncreasmg(QFQ_, which was confirmed against yofilo and aé. (T, for Hgl223L" TI222316

experimentally.®*" yql'q is obtained from™(TyT)/(Tae)*  \pco, 49122014 and TI1212 in Figs. 13 and 14. In the

with the use of the following relation fof,,=a:*° 4 ’

T T T T
6 T T
20 T T T T T T 10 TlSrgCaCu2O7_ 5 = YBCO,— |
TISroCaCus07_ s o4 4 TI2201 | |
_ ] 3 o Te=70K &2 LR
- f TC_ggE I"’ * 52K S 2r AL A 4
Do O -
— N N N X ]
= = YBCO; ] 0 T00 200 300
N
£ ! = sb T (K i
o r ) I = 00°0000000232328¢08}
N 0oo [ ] (- 0 goo0ecoe
=~ .l 22804,.3200, " .y goooopoogooopocodf
o M rfdoonpnsgeedseeoo = o
DDDDU&&&'OQQF 3
n | 1 | 1 1 |
0 100 200
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FIG. 12. T dependences of¥T,T) /(T,)? in TI1212. O:
T.=70 K. ® : 52 K.[J : 10 K. Inset is the comparison of the values
of xofil'g with those for YBCG (Ref. 41 and TI2201(Ref. 43.

FIG. 10. T dependences of T in TI1212 and YBCQ (Ref.
41). O : T, =70K. @ : 52 K. O : 10 K.
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FIG. 13. T, vs xofil'q plots for various highF cuprategRefs. FIG. 15. T dependences df(1/Ty), (O) and *(1/Ty); (@)
16,17,41,43 below T, at~11 T.(a) T,=70 K and(b) 52 K.

. e . long components from those far away from the vortex cores.
figures, T;'s in Hg1223, TI2223, and YBC@near an opti To display an overall dependence of*(1/T,) below T,

mum hole doping increase linearly with an increase Ofthe long component¥(1/T,, ) is tentatively extracted from a

xqhtl'q. even thoughaén, for the latter compounds with q o« =0 (1) to R(t ller th indicat i
triple CuQ, layers is smaller than for YBCOwith double Ing in I(ilg( )4(5 (t) smaller than 0.5 as indicated by solid

i
layers. By contrast, nevertheless the reduction rate 01! ;
XxohI' g with the hole content in TI1212 compounds is mod- 63('3-?-[;55 (105?) air;d&ﬁﬁ/t_)gljro(v‘)thbee'lgv\? ?r;:egl?)(tatr;caeinof
erate,TC_ drops rapidly as seen in Fig. 13. Apparently, in logarithmic scales for the compounds with = 70 K and 52
11212 is controlled by the different factors fropphil'q. respectively.®3(1/T,)’s for both samples decrease rapidly
Namely, in the case ak¢,, decreasing to less than a critical following a power-law-likeT dependence below, without
value of gy~ 20’. the gffective pairing ‘”tefa‘:tj‘g” is weak- any enhancement just beloVy, which is the co?nmon be-
ened and henck is anticipated to be reducéf: havior in most of hight, cuprates. At low temperatures well
below T, it is evident that®3(1/T;) obeys theT,T=const
C. Superconducting state relation. In Fig. 16 R(tT)’s in a T range of 1.4—10 K well
LT belowT, are plotted against the product of the titnend the
B temperature T, tT, for the compound with T,
As presented in Sec. IlI B 2, the relaxation curve well be-= 70 K in ~11 T parallel to thec axis. R(tT)’s fall on a
low T, is not fitted by Eq.(1) with a singleT, component unique curve over & range of 1.4-10 K, suggesting that all
which is caused by the vortex cores. The short componenthe %3T; components follow thd@; T=const relation at low
arise from the nuclei close to the vortex cores, whereas thi&emperatures regardless of the distributioniTef The relax-
ation behavior in the superconducting mixed state is affected
by fluxoid cores. An array of fluxoids gives rise to two dif-

150 . )
o ferent relaxation processe&a) the thermal fluctuation of
o fluxoids which generates the transverse fluctuating “4feld
*
100 - 8
o =
g - =
2 : g
o  Hgi223 T
50| 4 o Ti2223 = 8
o YBCO; s
= Ti2201 5 -
A TH212 (T=70K) F , , ek AoéAcg‘Am 2
A TH212 (T=52K) : 0.015 1 > 3
v v TH212 (T,=10K) bl £ T (sK)
1 1 1 I 1 1 1
0 10 20 30 20
a Em(Te) (eV)™ FIG. 16. Relaxation functionR(tT), plotted againstT in a T

range of 1.4-10 K for TI1212 withT,=70 K. The result that
FIG. 14. T, vs aén(T,) plots for various highF, cuprates R(tT) is on a single curve probes that all tRéT; components
(Refs. 16,17,41,43 follow the T, T = constant law below 10 K.
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FIG. 17. Magnetic field dependences B{1/T,) parallel @) FIG. 18. Magnetic field dependences $1/T,), in aT range

and perpendicular®) to thec axis atT=4.2 K. (a) T,=70 K. (b) of 1.4-10 K.(a) T,=70 K and(b) T,=52 K.
T,=52 K.

o on the direction of the applied magnetic field due to the
and (b) the spin diffusion to v_ort_ex coré§.|n _the former, anisotropy ofé; (¢, =¢). Therefore, these experimental re-
1/T, should be suppressed with increasing field, whereas igits prove that the relaxation process for TI1212 is domi-
the latter, 1T, is enhanced with increasing the number of nated by the spin diffusion process to the vortex cores at low
fluxoids. The nuclear relaxation measurements belguin temperatures as in the cases of YBG®® Y124 and
the magnetic field were reported in YBGO"*?Y124°and  Hg1223%! in contrast to the cases of Bi221Ref. 24 and
Hg12237" so far. From the result that the value ofTIT  T|222322 The fact that thel, T=const relation holds at low
=const is linearly enhanced by the magnetic field, theiemperatures under the magnetic field suggests that the elec-
nuclear relaxation for these compounds was shown to bgonic state in the vortex cores is described by the Fermi-
dominated by the spin diffusion process to the vortex coresjquid picture>>%°
By contrast, ®(1/T;) for Bi2212 (Ref. 24 and TI2223? Figures 18) and 18b) show theH dependences of
which followed theT;T=const law, did not reveal any ap- 631/T,), for the compounds witfT.=70 K and 52 K, re-
preciable field dependence down to low temperatures. Th§pectively, in aT range of 1.4—10 K®(1/T,J), , inherent to
T-linear dependence of T{ in these compounds was con- the superconducting state, is determined from the extrapola-
cluded to be dominated by the presence of the residual DOSion to zero field H—0) according to Eg. (18).
at the Fermi levelNes, rather than the vortex cores. As 83(1/T,) s above 10 K were also confirmed to follow Eq.
discussed extensively in the literatufés;® the gapless su- (1g). The thus obtained dependences for the compounds
perconductivity caused by some imperfections presenting igitn T.=70 K and 52 K are presented in Figs.(49and
the crystals provided an important clue to address the pairinggp), respectively, where opert)) and solid @) circles
state for hight puprates t_o be thd wave \_/vhere the non- correspond to the raw I{ data in~11 T and %3(1/T,),
magnetic potential scattering acts as a pair breaker. estimated from the extrapolation to zero field in Fig. 18,

In order to investigate the relaxation process belewn  regpectively. It is remarkable th&%(1/T,), decreases over
TI1212, theH dependence of%(1/T;) was measured in @ four orders of magnitude beloW, and behaves a&T, T
field range of 4-11 T. Thél dependences df¥(1/T;) par-  —const below 10 K, indicative of the gapless nature of the
allel (@) and perpendicular®) to thec axis atT = 4.2 K gyperconductivity. Possibla situ imperfection, presumably
for the compounds witf. = 70 K and 52 K, respectively, existing associated with the oxygen content in TI1212, may
are displayed in Fig. 17. As seen in the figuf§1/T;)’'s at  pe responsible for the potential scattering, bringing about
low temperatures exhibit nearlii-linear dependenpes for N,es as reported in many instances in the literatfes®
both compounds. Furthermore, the dependence is more 1T, T normalized aff, (1/T,T)7,, is related to the fraction
ﬁ;?igof/r_}_ieg Igrw(!(r:l g;?gn inHLc. In a rapid spin diffusion of the residual DOSN,.s/Ng, from a formula

(1/T15T) 2

H — NIES
(1T 1) opsj = (UT1n=UT1s)i g €6kt (1Tog); (LT3 T)r,

No

(19

(i,j,k=L,L,]), (@8  The fraction ofN,s/Nq is a measure to what extent the ef-
fective DOS is lost due to the onset of the superconductivity,
where 1T, and 1T are the relaxation rates in and out of and is estimated to be abott0.10 for both samples with
vortex cores® is the flux quantum, ang; is the supercon- T.=70 K and 52 K from Eq(19). The suppression iii; by
ducting coherence length along thelirection, respectively. the nonmagnetic impurity in highi. cuprates was reported
1/T, is enhanced by the external magnetic field, and dependirst by the NMR study on Zn-doped YBG@P which was
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FIG. 19. T dependences df(1/T,), belowT,. (a) T,=70 K. FIG. 20. T dependences o, /*K;_plotted againsf/T..

(b) T,=52 K. Open (O) and solid @) circles indicate the raw data O : T,=70 K. @ : 52 K. ®K+_is the value of*K,, atT.. Solid
in ~11 T and®}(1/T,4), extrapolated to zero magnetic field in Fig. line is the calculation based on the gapldswave model with the
16, respectively. Solid lines are the calculation based on the gaplesaime parameters as in the analyse§%f/T;), with 2A/kgT.=8
d-wave model with the parameters of AkgT,=8 and  andN,./Ny=0.10.

Nies/No=0.10.

2. Knight shift

est_ablished tf))}l/_géjbsequent gxtensjve expgrimentalland theo- pq displayed in Figs. @ and 3b), %K, decreases below
retical works? .'Ifhe nove_l |r_npur!ty_ and imperfection e_f- T.=70 K and 52 K, wherea§3K” decreases rapidly below
fects gave a decisive clue in identifying the OP of the high-t_—63 K and 42 K.T, is more easily lowered by the mag-
T, superconductivity to be of the wave withd,2_y2 Sym-  netic field parallel than perpendicular to theaxis. Nyes is
metry together with the extensive theoretical works. A subinduced not only by the potential scattering effects, but also
stantial aspect of thd-wave superconductivity with the line py the magnetic field for thél|| ¢ axis. In order to avoid a
node is that even whefi; is moderately affected by impuri- complication to identify the origin of the residual DOS, we
ties, the intrinsic gapless state with the line node changelave analyzed the Knight shift data $fCu for theH_L ¢ axis
into the gapless state with the finite DOS at the Fermi levelin addition to 11, where T, is not significantly suppressed
In general, it should be noted th@t is controlled not only by the field. The residual shift at low temperatures is com-
by the hole content, but also reduced by some imperfectioposed of thel-independent orbital shift and the residual spin
and/or impurity. Since the amount of,./N, is nearly the  shift originating from the finite DOS at the Fermi level. In
same for two samples witli,=70 K and 52 K, it is con- order to estimate th& dependence of the spin Knight shift
cluded that the reduction iff, from 70 K to 52 K is not Ks,., the orbital Knight shift®*oy,, = 0.20% is sub-
caused by a potential scattering, but by an increase of holeE’.aCtgd from the raw data. The thus obtalﬁéaﬂepeggence
As indicated by solid lines in Figs. 18 and 19b), the Of “Ks. normalized by the value atT;, “Kg,
T dependences df(1/Ty,), in TI1212 compounds are well °¥s . /*Ky , is presented in Fig. 20, where the solid line is
interpreted by the gapless 28-wave model withd,2 2  calculated using the gaplesswave model with the same
symmetry where the energy gap vanishes along line at thparameters of 2/kgT.=8 andN,.s/Ny;=0.10 as those in the
cylindrical Fermi surface with the form ofA(¢) analyses of3(1/T,) in the previous section. Thus, the results
= Agcs(T)cos(2p) together withN,.sassociated with the po- of both %3 and 8%1/T,) are consistently understood in
tential scattering as illustrated in the inset of Fig. 19. Fromterms of the gapless-wave model with the finite DOS at the
the best fits t0®3(1/T,;), (@), the parameters of &/kgT. Fermi level. From these experiments, it is concluded that
= 8 andNs/N, = 0.10 were deduced for both samples with Superconductivity in the overdoped regime is of thevave
T, = 70 K and 52 K. Most remarkably, it is noteworthy that type as confirmed in TI220%. Together with La-(Ref. 25
the same gaplest-wave-pairing model was consistently ap- @nd Y-based systeni$, the extensive NMR studies have
plied to the NMR results in Zn-doped YBG@E Hg12232: c[arlfled that thed-wave superconpluctlwty is realized in
TI2223%2 TI2201% Bi22122* and LSCO (Ref. 25 high-T cuprates regardless of doping level.
(x=0.20 with nearly the same magnitude of the gap,
2A/kgT.=8, and the resi.dual DOS. fraqtion depending on IV. CONCLUSION
the extent of the potential scattering in each compound.
Without exception, the relaxation behavior in the supercon- Whereas normal state properties in highcuprates are
ducting state reported so far is in excellent agreement witlstressed to be quite anomalous in the underdoped region
the d-wave model. This conclusion is also supported by thevhere spin gap behavior is of much interest, the present sys-
Knight shift experiment as presented in the next section. tematic NMR investigations in the overdoped TI1212 have
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unraveled that the higfi; cuprates share the common fea- By contrast, in the overdoped TI1212 compounidsg, is
tures regardless of doping level; that is, the AF spin fluctuatransferred to a higher-energy region, whig concomi-
tion is present, yielding the Curie-Weiss law &% 1/T,T) tantly becomes smaller than those in the optimum-doped re-
and the superconductivity is of tllewave type. gime. Then, as holes increase, the AF spin correlation be-
Furthermore, the magnetic and the superconducting chacomes less distinct. In spite of the rather slight decrease of
acteristics of the overdoped TI1212 compounds were comFQgﬁq, the reduction rate i, for TI1212 is much more
pared with the AF spin fluctuation model developed bypronounced than in the optimum-doped compousée Fig.
Moriya, Takahashi, and Ueda, and Monthoux and Pinesl13). Eventually, the decrease &f,, i.e., the suppression of
Then, most of implications from such theories have beenhe AF spin correlation, is anticipated to weaken the pairing
confirmed experimentally. Namely, the nuclear-spin latticeinteraction for the onset of thd-wave superconductivity,
relaxation rate divided by temperatu@(lfrlT)thél, and resulting in the decrease afin above formula.
the Gaussian spin-echo decay rateTg&)2=£2,, for Cu \ seems to remain constant in the optimum doping region
have revealed the Curie-Weiss behavior for the compoundshere &, exceeds a critical value arouneg,,~20. There-
with T,=70 K, 52 K, and 10 K, leading to the relationship of fore, the enhancement &, makesT. enhanced rather lin-
To&a(xxol'q) being invariant with temperature. This ex- early. On the other hand, the increase of the hole content in
perimental signature was predicted by the theories in whiclgoing from the optimum-doped to the overdoped regime de-
the dynamical susceptibility aroundQ=(m/a,/a), creaseg, to less than the critical value under whiktstarts
x(Q,w), was described in terms of the Lorentzian formsto decrease appreciably. A change of the spin fluctuation
with respect to both the wave number and the energy distrispectrum with increasing hole content has been established
bution. from the present NMR experiments. In this context, the sys-
As a natural consequence, above theories predicted tHematic NMR investigations from the optimum-doped to the
d-wave superconductivity mediated by the AF spin fluctua-overdoped high¥. cuprates have allowed us to conclude that
tion and derived the novel relationship betwegnand the the spin-fluctuation-induced mechanism is most promising

spin fluctuation parameters suchlag and &, as follows: for the highT . superconductivity as long as the case is con-
cerned with the optimum-doped and the overdoped doped
To=To&[(1—5)/0.79exp(— 1/\). regimes.

Actually, in the previous works, it was found from measure-
ments of 1T, and 1T,g of ®Cu that the significant en-
hancement of"' was the origin of the increase af, from

93 Kin YBCO, to 115-133 K in TI2223 and Hg1223 inthe  One of the authorgK.M.) would like to thank Dr. K.
optimum-doped regime. Althouglf,, even decreases in Ishida for valuable discussions. This work was partly sup-
TI2223 and Hg1223, the increaseldd increased ¢ linearly  ported by a Grant-in-Aid Scientific Research on Priority Ar-
by the increase of the product Bbgﬁq, being in good agree- eas “Science of High Temperature Superconductivity” from
ment with the above formula. the Ministry of Education, Science of Culture.
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