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We report extensive measurements of the Knight shiftK, the nuclear spin-lattice relaxation rate 1/T1, and
the Gaussian spin-echo decay rate 1/T2G of 63Cu in overdoped TlSr2CaCu2O72d ~Tl1212! with Tc 5 70 K, 52
K, and 10 K, in order to elucidate the origin of the reduction inTc with increasing holes and to identify the
symmetry of the order parameter. In the normal state, it is shown that 1/T1T obeys the Curie-Weiss law,
pointing to the presence of the antiferromagnetic~AF! spin correlation. From the analyses of 1/T1 and
1/T2G , it is found that the increase of the hole content in Tl1212 compounds makes the characteristic energy
of the AF spin fluctuation around a zone boundary,Q5(p/a,p/a), GQ , transfer to a higher-energy region and
concomitantly reduces the magnetic correlation lengthjm significantly. 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 ofK and 1/T1 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 interpreted in thed-wave model
in which the impurity scattering is incorporated in terms of the unitarity limit as demonstrated in most of the
high-Tc cuprates so far. Eventually, the reduction inTc from 70 K to 52 K in Tl1212 is concluded to be not due
to the impurity effect associated with the oxygen content. In the previous works, the enhancement ofTc from
93 K in YBa2Cu3O7 with double CuO2 layers to 115–135 K in Tl2Ba2Ca2Cu3O10 and HgBa2Ca2Cu3O81d

with triple CuO2 layers was shown to be due to the increase inGQ with jm unchanged appreciably. This finding
was compatible with the relationship ofTc}GQjm

2 exp(21/l) based on the spin-fluctuation-induced mechanism
for thed-wave superconductivity. Within the same scheme, the origin of the marked decrease inTc irrespective
of increasingGQ in Tl1212 is proposed to be due to the significant reduction injm which makes the pairing
interaction weaken andl in the above formula reduced.@S0163-1829~96!03838-6#

I. INTRODUCTION

In order to explore the mechanism of high-Tc supercon-
ductivity, numerous works have been carried out on various
high-Tc cuprates, e.g., underdoped La22xSrxCuO4 ~LSCO!,
overdoped Tl2Ba2CuO61d ~Tl2201! with a single CuO2
layer, YBa2Cu3O61x ~YBCO61x), YBa2Cu4O8 ~Y124!,
YBa2Cu3O7 ~YBCO7), Bi 2Sr2CaCu2O8 ~Bi2212! with
double CuO2 layers, and Tl2Ba2Ca2Cu3O10 ~Tl2223! and
HgBa2Ca2Cu3O81d ~Hg1223! with triple CuO2 layers.

1 It is
well known that the normal state properties of high-Tc cu-
prates are unusual, such as theT-linear resistivity and the
anomalousT dependence of the Hall coefficient, etc.1 In par-
ticular, the magnetic properties in underdoped compounds
are quite unusual. Namely, the spin susceptibilityxs(T) de-
creases upon cooling. The nuclear spin-lattice relaxation rate
of 63Cu, 63(1/T1), does not obey aT1T 5 const relation, but
63(1/T1T) follows a Curie-Weiss law aboveTc in LSCO and
YBCO7,

2 whereas it exhibits a peak far aboveTc in
YBCO61x ~Refs. 3,4! and Y124.5 The latter result was ar-
gued to provide an evidence for a spin gap behavior; that is,
a low-energy part of the spin fluctuation is suppressed before
the onset of the superconductivity as also shown by neutron
inelastic scattering experiments.6 The spin gap behavior has
drawn much attention with the expectation that superconduc-
tivity may occur in a new framework of the spin-charge
separation based on a resonating valence bond~RVB!

model.7 However, whereas the spin gap behavior was repro-
duced in the bilayer compound TlSr2~Lu12xCax)Cu2Oy
even though a disorder was introduced into the Ca layers by
substituting Lu to control holes and the CuO chains are
absent,8 it was not observed for LSCO with a single CuO2
plane even in the vicinity of the superconducting to magnetic
phase boundary.9 Therefore, it is still controversial whether
or not spin gap behavior is relevant to a superconducting
mechanism.

In contrast, in the optimum-doped YBCO7 and overdoped
Tl2201 compounds whereTc decreases with increasing
holes,10 xs(T) deduced from the Knight shift of63Cu is T
independent, whereas63(1/T1T) increases down toTc ,

11 as
well as in LSCO,2 although its magnitude is considerably
reduced with increasing holes. The Curie-WeissT depen-
dence of63(1/T1T), which is rather commonly seen in most
of high-Tc materials than the spin gap behavior, has been
described in terms of the self-consistent-renormalization
~SCR! theory,12 the phenomenological antiferromagnetic
~AF! spin fluctuation model,13 and by various
approaches.7,14,15A further remarkable finding was that the
overdoped Tl2201 compounds, in which the AF spin fluctua-
tion was not appreciable, no longer exhibited superconduc-
tivity, instead showing theT1T 5 const relation in a wide
T range.11 These results have suggested that the AF spin
correlation plays a role for the occurrence of the supercon-
ductivity.

As a matter of fact, from extensive NMR measurements
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involving the Knight shiftK, the nuclear spin-lattice relax-
ation rate 1/T1, and the Gaussian spin-echo decay rate
1/T2G of 63Cu in the normal state of Tl2223~Ref. 16! and
Hg1223 ~Ref. 17! with triple CuO2 layers, we have found
that the characteristic energy of the spin fluctuation around a
zone boundary,Q5(p/a,p/a), GQ , is markedly larger for
both Tl2223 and Hg1223 than for YBCO7 without a marked
variation of the magnetic correlation lengthjm . Since the
spin-fluctuation-induced superconducting mechanism18,19

predicts a higherTc for a largerGQjm
2 , the higherTc in

Tl2223 (Tc5115 K! and Hg1223 (Tc5133 K! than in
YBCO7 (Tc593 K! has been suggested to be due to an en-
hancement ofxQGQ .

As for the superconducting properties, the NMR results in
Zn-doped YBCO7,

20 Hg1223,21 Tl2223,22 Tl2201,23

Bi2212,24 and LSCO~Ref. 25! ~x>0.20! were consistently
interpreted by thed-wave model in which the impurity scat-
tering was incorporated in terms of the unitarity limit. With
increasing experimental evidence that the order parameter
~OP! is of thed-wave type withdx22y2 symmetry, the spin-
fluctuation-mediated mechanism predicting thed wave for
the high-temperature superconductivity becomes promising
together with the intimate relationship betweenTc and the
AF spin correlation.

In order to obtain further firm evidence for the pairing
mechanism of high-Tc superconductivity, we need more per-
spective information covering not only from the underdoped
region near the insulator to superconducting boundary, but
also the overdoped region involving the superconducting to
metal boundary. So far, there have been few systematic
experiments on the overdoped systems except for the
Tl2201 compounds with a single CuO2 layer. The
TlSr2CaCu2O72d ~Tl1212! compound consists of the pyra-
midal CuO2 bilayer in the unit cell,26 as in YBCO61x , but
without the CuO chain.Tc of these compounds is controlled
by reducing oxygen in the TlO2 layers and decreases mono-
tonically from 70 K to 0 K with increasing oxygen content,26

assuring that Tl1212 is in the overdoped regime as in
Tl2201.10 The Hall coefficientRH and the resistivityr ex-
hibited the anomalousT dependences in the normal state,26

as seen in other high-Tc materials. The former shows a broad
peak for all compounds around 100–140 K, above which the
Hall numbernH51/RHe exhibits aT-linear dependence. The
latter, on the other hand, shows the power-lawT dependence
of r5r01Tn and the exponentn gradually changes from 1
to 2 with decreasingTc , i.e., with increasing holes.

In this paper, we report extensive63Cu NMR investiga-
tions of the magnetic and the superconducting properties in a
series of the overdoped Tl1212 compounds withTc 5 70 K,
52 K, and 10 K in order to elucidate the origin of the reduc-
tion in Tc with increasing holes and to unravel the symmetry
of the OP of the superconductivity.

II. EXPERIMENTAL PROCEDURES

Tl1212 polycrystalline samples were prepared by the con-
ventional solid-state reaction method described elsewhere.26

Tc defined as the temperature below which the diamagnetic
signal appears in ac susceptibility depends on the annealing
condition. Three samples withTc570 K, 52 K, and 10 K
were confirmed to be of almost single phase by powder x-ray

diffraction experiments.26 The sample was pulverized into
grains with a size smaller than 20mm in diameter for the
NMR measurements. All grains were aligned along thec
axis by use of the anisotropy of the susceptibility and fixed
with a polymer in a magnetic field of; 11 T.

The NMR measurements were carried out by a conven-
tional phase-coherent laboratory-built pulsed spectrometer
by use of a superconducting magnet~12 T at 4.2 K!. The
63Cu NMR spectrum was obtained by using a boxcar inte-
grator with sweeping magnetic field. The Knight shift,
1/T1, and 1/T2G of 63Cu were measured atf 5 125.1 MHz
over aT range of 1.4–250 K in;11 T parallel and perpen-
dicular to thec axis. 1/T1 was measured by the saturation
recovery method. The nuclear relaxation functionR(t) for
the central transition~1/2 ↔ 21/2! for I53/2 among the
quadrupole split lines is given by27

R~ t !5
M ~`!2M ~ t !

M ~`!
50.9expS 2

6t

T1
D10.1expS 2

t

T1
D ,
~1!

whereM (t) is the nuclear magnetization at the timet after
the saturation pulses. The spin-echo amplitudeE, recorded
as a function of timet between the first and the second
pulses, was fitted well to the expression28

E~2t!5E0expF2S 2t

T2L
D2

1

2 S 2t

T2G
D 2G , ~2!

where 1/T2G is the Gaussian spin-echo decay rate associated
with the indirect nuclear spin-spin coupling through the elec-
tronic excitations, and 1/T2L is the Lorentzian decay rate
associated with the nuclear spin-lattice relaxation process.
1/T2L was determined from the expression of 1/T2L
53(1/T1) i1(1/T1)' .29

III. EXPERIMENTAL RESULTS

A. 63Cu NMR spectra and 63nQ

Figures 1~a! and 1~b! show the63Cu NMR spectra atT
5 4.2 K andf5125.1 MHz for the compound withTc552 K
for the central transition~1/2↔ 21/2! in partially oriented
powder with thec axis parallel and perpendicular to the ex-
ternal magnetic field,H; 11 T, respectively. As seen in
each figure, a broad spectrum in the higher-field region arises
from unoriented grains. Solid and dashed arrows correspond
to respective peaks arising from grains withu 5 90° and
41.8° to thec axis. From the integrated intensity ratio of the
spectrum with the intense peak in the low-field region to that
with the broad spectrum in the high-field region, the fraction
of oriented grains with thec axis parallel to the field is
anticipated to be;60% of the whole sample. Since 1/T1 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-
ered to be negligible, if any. The shift was precisely deter-
mined from the peak of the spectrum of oriented grains.

The full width at half maximum~FWHM! of the spectrum
for ciH is about 300 Oe in the normal state, which is similar
to those in other Bi-~Ref. 24! and Tl-based compounds,11,16

but is broader than for Y- and Hg-based compounds
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(<100 Oe!, suggesting that the homogeneity in the CuO2

plane is somewhat worse than in Y- and Hg-based systems.
In the case thatH is perpendicular to thec axis, the shift
consists of the Knight shift and the second-order quadrupole
shift. The Knight shift perpendicular to thec axis,K' , and
the nuclear quadrupole frequencynQ can be expressed for
the central transition~1/2↔ 21/2! of I53/2 according to
second-order perturbation theory as follows:30,31

v263gNH res
63gNH res

563K'1
3•63nQ

2

16~1163K'!~63gNH res!
2 , ~3!

whereH res is the resonance field,
63gN the nuclear gyromag-

netic ratio, andv the NMR frequency, respectively. In order
to separate the Knight shift from the quadrupole shift, the
frequency~magnetic field! dependence of the spectrum has
been measured at several different frequencies in a range of
80.1–125.1 MHz as seen in Fig. 2. From the slope of
(v263gNH res)/

63gNH res vs (63gNH res)
22 plots obtained

from thev dependence ofH res,
63nQ’s are estimated to be

;20.7, 22.5, and 25.8 MHz for the Tl1212 compounds with
Tc570 K, 52 K, and 10 K, respectively. Apparently,63nQ
increases with decreasingTc , i.e., by doping holes.

B. Normal state

1. Knight shift

The bulk susceptibility in Tl1212,x(T), revealed a small
Curie-like upturn at low temperatures,26 associated with the
presence of Cu21 impurities. So it is difficult to extract the
intrinsic magnetic behavior fromx(T). By contrast, the local
susceptibility at each atomic site can be obtained from the
Knight shift without an influence of impurity spins. The

Knight shift K(T) in high-Tc cuprates consists of the
T-independent orbital partKorb and theT-dependent spin
partKs(T),

Ka~T!5Korb,a1Ks,a~T! ~a5',i !. ~4!

According to the Mila-Rice Hamiltonian,32 the spin Knight
shift of 63Cu in the CuO2 plane,

63Ks , is expressed as

63Ks,a~T!5~Aa14B!xs~T! ~a5',i !, ~5!

whereAa andB are the on-site and the supertransferred hy-
perfine fields of63Cu, respectively, andxs(T) is assumed to
be isotropic.Aa contains anisotropic dipole, spin-orbit, and
isotropic core polarization contributions for the Cu 3dx22y2

orbit, andB originates from the isotropic 4s Fermi-contact
type of the spin polarization produced by neighboring four
Cu spins through the Cu~3dx22y2)-O~2ps)-Cu~4s) hybrid-
ization.

Figures 3~a! and 3~b! show theT dependences of63K'

and 63K i for the compounds withTc570 K (s), 52 K
(d), and 10 K (h), respectively. Both63K' and 63K i de-
crease rapidly belowTc for the compounds withTc570 K
(s) and 52 K (d), demonstrating the spin-singlet-pairing
state. In contrast to the underdoped systems in which63K i is
dominated by theT-independent orbital contribution,63K i in
Tl1212 exhibits a significantT dependence, reflecting the
spin Knight shift. Furthermore, we note thatTc drops to
; 63 K and 42 K for Tl1212 withTc 5 70 K and 52 K,
respectively, by applying the magnetic field of;11 T paral-
lel to the c axis, similar to the case in Tl2201.11,23 In the
normal state, it is remarkable that both shifts areT indepen-
dent, pointing to the invariance ofxs as in the case of
YBCO7 ~Ref. 20! and Tl2201.11,23 Thus, theT-invariantxs
is a common feature for the optimum-doped and the over-
doped high-Tc cuprates in contrast to the decrease of
63K' upon cooling in underdoped LSCO,25 Y124,33

oxygen-deficient YBCO61x ,
34 and underdoped

TlSr2~Lu0.7Ca0.3)Cu2Oy (Tc 5 40 K!.8 Both shifts for the

FIG. 1. 63Cu NMR spectra of Tl1212 withTc552 K atT54.2
K and f5125.1 MHz for ~a! Hic and ~b! H'c. Solid and dashed
arrows correspond to respective peaks arising from unoriented
grains withu 5 90° and 41.8°, whereu is the angle between the
magnetic field and thec axis.

FIG. 2. (v263gNH res)/(
63gNH res) vs (63gNH res)

22 plots for
Tl1212 withTc 5 70 K (s), 52 K (d), and 10 K (h). H res’s are
the resonance magnetic field forH'c axis at various NMR fre-
quencies in a range of 80.1–125.1 MHz.
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compound withTc 5 10 K do not, however, exhibit an ap-
preciable decrease, suggesting that the onset of the supercon-
ductivity is not well evidenced from the Knight shift mea-
surements.

As seen in the figures, the respective residual Knight
shifts at 4.2 K,K res,' andK res,i , are estimated to be 0.25%
~0.26%! and 1.15%~1.16%! for the compound withTc 5 70
K ~52 K!. K res,' andK res,i consist of theT-independent or-
bital and the residual spin shifts associated with the impurity
scattering as argued extensively in the literatures.20–25From
the analysis of 1/T1 below Tc presented later, the residual
fraction of the density of states~DOS! at the Fermi level,
Nres, which contributes to the residual spin Knight shifts
K res,s , is estimated to beNres/N0;0.1 whereN0 is defined
as an effective DOS atTc . Accordingly, by taking into ac-
count the residual fraction for both the spin shifts with
K res,s /Ks; 0.1,Korb,' andKorb,i are estimated to be 0.20%
and 1.13%, respectively, for both compounds. For an estima-
tion of 63Ks ,

63Korb thus obtained is subtracted from the raw
data aboveTc . From Eq.~5!, the anisotropy of63Ks is given
by

63Ks,i
63Ks,'

5
Ai14B

A'14B
. ~6!

The anisotropy of63Ks in Tl1212 is evaluated as;0.45,
0.50, and 0.60 for the compounds withTc570 K, 52 K, and
10 K, respectively. If the on-site hyperfine fields are assumed
to be almost the same as those estimated in most of the high-
Tc cuprates, beingA'; 37 kOe/mB and Ai;2170kOe/
mB ,

35–37 B’s are estimated to;85, 95, and 120 kOe/mB
from Eq. ~6! for the compounds withTc 5 70 K, 52 K, and
10 K, respectively. As in the overdoped Tl2201,11,23 B in
Tl1212 compounds increases with increasing oxygen con-
tent, being considerably larger than the typical value
(B;40 kOe/mB) in underdoped LSCO,25 Y124,33 and
YBCO61x .

34 Thus, it is deduced that the Cu~3dx22y2)-
O~2ps)-Cu~4s) hybridization in the overdoped compounds
is stronger than that in underdoped ones.

2. Nuclear spin-lattice relaxation rate 1/T1

Figures 4~a! and 4~b! show the relaxation curves of
63Cu, R(t)5@M (`)2M (t)#/M (`), at T570 K aboveTc
andT51.4 K belowTc , respectively, for the compound with
Tc570 K under the magnetic field of;11 T perpendicular
to the c axis. The solid curve is the best fit to Eq.~1!. Al-
though the orientation of the sample is not perfect,R(t)
aboveTc was well fitted by Eq.~1! with a singleT1 compo-
nent as seen in Fig. 4~a!, assuring that the influence from
unoriented grains is negligible.

Figure 5 shows theT dependence of63(1/T1T)' for the
compounds withTc570 K (s), 52 K (d), and 10 K (h),
respectively. In contrast to theT-invariant Knight shift,
63(1/T1T)' has a broad peak aroundT*; 90 K, 70 K, and
30 K just aboveTc for the compounds withTc570 K, 52 K,

FIG. 3. T dependences of the Knight shifts~a! perpendicular,
63K' , and~b! parallel, 63K i , to thec axis.s : Tc 5 70 K. d : 52
K. h :10 K.

FIG. 4. Relaxation function,R(t)5@M (`)2M (t)#/M (`)], of
the nuclear magnetization for thec axis'H;11 T at~a! T570 K
and ~b! T51.4 K for the compound withTc570 K. Here,M (t) is
the nuclear magnetization after the saturation pulses. Solid lines are
best fits by the relaxation function of Eq.~1!.

FIG. 5. T dependences of63(1/T1T)' . s : Tc 5 70 K. d : 52
K. h : 10 K. Inset indicates theT dependence of63(T1T)' , prov-
ing that 63(1/T1T)' follows the Curie-Weiss behavior.
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and 10 K, respectively. TheT dependence of63(1/T1T) i was
confirmed to be quite similar to those of63(1/T1T)' . In the
inset of Fig. 5, 63(T1T)' plotted againstT reveals a
T-linear dependence down toT* , pointing to the Curie-
Weiss behavior,C/(T1u), of 63(1/T1T)' down to T* as
observed for LSCO~Refs. 2,25! and YBCO7,

13 etc.
According to the Mila-Rice hyperfine Hamiltonian,32

63(1/T1T) is expressed by

63~1/T1T! i5

63gN
2kB

2mB
2 (

q
F'~q!2

x9~q,v!

v
,

63~1/T1T!'5

63gN
2kB

4mB
2 (

q
@F'~q!21F i~q!2#

x9~q,v!

v
,

~7!

wherex(q,v) is the dynamical susceptibility. The hyperfine
form factorsF i(q) andF'(q) are given by

F i~q!5Ai12B@cos~qxa!1cos~qya!#,

F'~q!5A'12B@cos~qxa!1cos~qya!#, ~8!

where a is the distance between the nearest-neighbor Cu
atoms. Provided thatx(q,v) is dominated by the AF spin
fluctuation aroundQ5(p/a,p/a), 63(1/T1T) is proportional
to xQ(T) in a two-dimensional~2D! square lattice. Accord-
ingly, it is extracted thatxQ(T)’s in Tl1212 compounds fol-
low the Curie-Weiss law as well as in the underdoped
compounds.2,25 Thus, the Curie-Weiss behavior is the most
universal characteristic in the high-Tc cuprates regardless of
doping level. It is noteworthy that the Weiss constantu of
xQ(T) increases with increasing hole content as seen in the
inset of Fig. 5. Remarkably, it was reported that the super-
conductivity no longer took place in Tl2201 which exhibited
the T1T5const relation over a wideT region, which is in-
dicative of the intimate relationship with the presence of the
AF spin fluctuation.

In order to embody the relationship betweenTc and the
AF spin fluctuation, we present the systematic change of the
spin fluctuation spectrum described in terms of the dynami-
cal susceptibility aroundQ5(p/a,p/a),12,13

x~Q1q,v!5
xQ1q

12 iv/GQ1q
, ~9!

with

xQ1q5xQ /~11q2jm
2 !,

GQ1q5GQ~11q2jm
2 !,

xQ5ajm
2 , ~10!

where the parametersxQ , GQ , jm , anda are the AF spin
susceptibility, the characteristic energy of the AF spin fluc-
tuation, the magnetic coherence length~in a unit ofa), and a
scale factor to relatexQ to jm

2 , respectively. By assuming a
Lorentzian form for the energy distribution, the imaginary
part ofx(q,v) is expressed as

x9~Q1q,v!

v
5

xQ

11q2jm
2

GQ1q

v21GQ1q
2 ; ~11!

for the system where the AF spin correlation prevails, i.e.,
jm>a,

63~1/T1T! i.
63gN

2kB
2mB

2 ~A'24B!2
xQ

GQjm
2 ,

63~1/T1T!'.
63gN

2kB
4mB

2 @~A'24B!21~Ai24B!2#
xQ

GQjm
2

~12!

are derived sincev→ 0 from Eq. ~7!. From Eq. ~12!,
63(1/T1T) is related toxQ /GQjm

2 (5a/GQ). In order to ex-
tract the doping dependence ofa/GQ ,

63(1/T1T)' divided
by the hyperfine form factor@(A'24B)21(Ai24B)2# is
presented in Fig. 6. In the overdoped Tl1212 compounds,
GQ in the compound withTc510 K is larger than other
higherTc compounds and eventually itsT dependence be-
comes weaker, suggesting that the AF spin fluctuation tends
to be disrupted. In order to present the hole content depen-
dence ofa/GQ with holes increasing from underdoped to
overdoped compounds, theT dependence of63(1/T1T) i di-
vided by the hyperfine form factor (A'24B)2 for 10% and
15% Sr-doped LSCO,2,25 YBCO7,

20 and Tl1212 withTc
570 K is shown in Fig. 7. It is evident thatGQ becomes
larger with increasing hole content, which means that the
spin fluctuation spectral weight is transferred to a higher-
energy region as holes increase. Furthermore, from the an-
isotropy of the relaxation rate of 63Cu, 63R5
63(1/T1)' /63(1/T1) i , the q dependence of the spin fluctua-
tion is extracted in an indirect manner.63R is evaluated using

FIG. 6. T dependences of 63(1/T1T)' /(@(A'24B)2

1(Ai24B)2#/2)/(63gN
2\kB/2mB

2) in Tl1212 withTc 5 70 K, 52 K,
and 10 K, scaled approximately to;a/\GQ .
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the value ofAa andB in two limiting cases. In the case that
x(q) has a sharp peak at the zone boundary,63RAF is ob-
tained as

63RAF5
~A'24B!21~Ai24B!2

2~A'24B!2
. ~13!

Provided thatx(q) is q independent,63Rr is obtained as

63Rr5
~A'

214B2!1~Ai
214B2!

2~A'
214B2!

. ~14!

63R is nearly independent of the temperature and decreases
with increasing holes as 1.7, 1.6, and 1.3 for the compounds
with Tc 5 70 K, 52 K, and 10 K, respectively. In Fig. 8,
63RAF and

63Rr of the Tl1212 compounds are plotted against

B with Eqs. ~13! and ~14!, together with the results of
Hg1223,17 YBCO7,

38 and Tl2201.11 Here,A'537 kOe/mB
andAi52170 kOe/mB are used for all compounds. As seen
in the figure, 63R in Tl1212 is smaller than those in
YBCO7 and Hg1223, being close to63RAF , suggesting that
the q dependence of the AF spin correlation around
Q5(p/a,p/a) is broad in Tl1212.63R decreases progres-
sively from 63RAF to

63Rr with increasingB or holes. It is
noteworthy that the AF spin correlations in Tl1212 withTc
510 K and Tl2201 withTc50 K, both close to63Rr , are
considerably weakened and absent, respectively, showing
that the presence of the AF spin fluctuation is responsible for
the occurrence of superconductivity. We note that the spin
fluctuation spectrum becomes broader inq space asGQ is
shifted to a higher-energy region with the hole content. In
order to shed further light on the novel nature of the spin
correlation from another context, we next concern ourselves
with 1/T2G which enables us to measurejm in a more direct
manner.

3. Gaussian spin-echo decay rate, 1/T2G

As demonstrated by Penningtonet al.,28 since 1/T2G ,
which is dominated by the indirect nuclear spin-spin cou-
pling through the electronic excitations in high-Tc cuprates,
provides an important information on the real part of the
q-dependent susceptibilityx(q). 1/T2G is generally derived
as39,40

S 1

T2G
D 250.69~63gN\!4

8mB
4\2 F(

q
F i~q!4x~q!2

2S (
q

F i~q!2x~q! D 2G . ~15!

In the case that the spatial spin correlation around
Q5(p/a,p/a) is decayed following exp(2rij /jm),
x(Q)5ajm

2 is obtained. As a consequence, 1/T2G is given
for jm>a by40

1

T2G
.A0.69

32p

63gN
2\

mB
2 ~Ai24B!2

xQ

jm
~}ajm!. ~16!

Accordingly, 1/T2G is related tojm(T) @}AxQ(T)#. In Fig.
9, the Gaussian spin-echo decay curves of63Cu atT590 K
and;11 T parallel to thec axis are plotted against the time,
2t, between the first pulse and spin-echo for the compounds
with Tc570 K (s), 52 K (d), and 10 K (h), respectively.
All decay curves are well fitted to Eq.~2!, assuring the ex-
pected Gaussian decay. TheT dependence of 1/T2G is dis-
played in Fig. 10 for the compounds withTc570 K (s), 52
K (d), and 10 K (h), together with the data of YBCO7
~Ref. 41!. A remarkable feature is that 1/T2G in Tl1212 in-
creases with decreasing temperature followed by a peak just
aboveTc as in Hg1223.17 At nearly the same temperature,
63(1/T1T) exhibits a broad peak as well. In underdoped
YBCO61x ~Ref. 39! and Y124,42 which exhibit spin gap
behavior, it should, however, be noted that 1/T2G tends to
saturate below the temperature where63(1/T1T) has a shal-
low peak far aboveTc . In order to extract the doping depen-
dence ofajm , 1/T2G divided by the hyperfine form factor
(Ai24B)2 in Eq. ~16! is plotted in Fig. 11 together with the

FIG. 7. T dependences of 63(1/T1T) i /(A'24B)2/
(63gN

2\kB/2mB
2), scaled approximately to;a/\GQ , for Tl1212

with Tc570 K, YBCO7,
20 10% and 15% Sr-doped LSCO~Ref.

25!.

FIG. 8. 63R @anisotropy of 63(1/T1T)# vs B ~supertransferred
hyperfine field! plots for various high-Tc cuprates~Ref. 11,17,38!
with the hole content as an implicit parameter.63RAF and

63Rr are
respective anisotropies for the case where the AF spin fluctuation
prevails and is absent.
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results of YBCO7 ~Ref. 41! and Hg1223.17 Interestingly,
ajm in Tl1212 is smaller than those in YBCO7 and Hg1223,
and is suppressed with increasing holes. As holes increase
over an optimum doping,GQ increases, whereasjm is re-
duced. Eventually,Tc seems to be markedly suppressed. By
contrast, provided thatGQ increases withjm remaining
nearly constant,Tc is significantly enhanced as demonstrated
in the previous papers.16,17

Moriya, Takahashi, and Ueda,12 and Monthoux and
Pines19 ~MP! derived thatTc is proportional toT05GQjm

2

the effective bandwidth, i.e., the cutoff energy, based on the
AF spin-fluctuation-mediated mechanism. In MP’s expres-
sion, Tc5GQjm

2 @(12d)/0.79#exp(21/l)(}xQGQ) was de-
rived with 0.42<l<0.48 based on the strong-coupling cal-
culation. These approaches have predicted thatTc is
enhanced with increasingxQGQ , which was confirmed
experimentally.16,17 xQGQ is obtained from63(T1T)/(T2G)

2

with the use of the following relation forjm>a:40

63~T1T! i

~T2G!2
.
0.69~63gN\!2F i~Q!2

16pmB
2\kB

~2363R21!~xQ\GQ!.

~17!

The magnitude ofxQ\GQ is shown in the inset of Fig. 12
together with the results of YBCO7 (Tc593 K! ~Refs. 40,41!
and Tl2201 (Tc585 K!.43 xQ\GQ is estimated to be; 1.4,
1.2, and 1.0 for the compounds withTc570 K, 52 K, and 10
K, respectively, being constant in a wide temperature
range. This result is in contrast to the behavior of
T1T/T2G(}aGQjm) being constant in the underdoped
region.39,44,45 It is remarkable that the values ofxQ\GQ in
Tl1212’s are smaller than that for YBCO7 (;3.5! and
Tl2201 (;1.9!.

In order to uncover an intimate relationship between the
magnetic excitation and the superconductivity in the opti-
mum and the overdoped high-Tc cuprates,Tc’s are plotted
against xQ\GQ and ajm(Tc) for Hg1223,17 Tl2223,16

YBCO7,
41 Tl2201,43 and Tl1212 in Figs. 13 and 14. In the

FIG. 9. Gaussian spin-echo decay curves atT590 K. s : Tc
570 K.d : 52 K.h : 10 K. t is the time interval between the first
and the second pulses. Solid lines are best fits by Eq.~2!.

FIG. 10. T dependences of 1/T2G in Tl1212 and YBCO7 ~Ref.
41!. s : Tc 5 70 K. d : 52 K. h : 10 K.

FIG. 11. T dependences ofajm in Tl1212, together with the
results for YBCO7 ~Ref. 41! and Hg1223~Ref. 17!.

FIG. 12. T dependences of63(T1T) i /(T2G)
2 in Tl1212. s:

Tc570 K.d : 52 K.h : 10 K. Inset is the comparison of the values
of xQ\GQ with those for YBCO7 ~Ref. 41! and Tl2201~Ref. 43!.
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figures,Tc’s in Hg1223, Tl2223, and YBCO7 near an opti-
mum hole doping increase linearly with an increase of
xQ\GQ , even thoughajm for the latter compounds with
triple CuO2 layers is smaller than for YBCO7 with double
layers. By contrast, nevertheless the reduction rate of
xQ\GQ with the hole content in Tl1212 compounds is mod-
erate,Tc drops rapidly as seen in Fig. 13. Apparently,Tc in
Tl1212 is controlled by the different factors fromxQ\GQ .
Namely, in the case ofajm decreasing to less than a critical
value ofajm;20, the effective pairing interaction is weak-
ened and hencel is anticipated to be reduced.46–48

C. Superconducting state

1. 1/T1

As presented in Sec. III B2, the relaxation curve well be-
low Tc is not fitted by Eq.~1! with a singleT1 component
which is caused by the vortex cores. The short components
arise from the nuclei close to the vortex cores, whereas the

long components from those far away from the vortex cores.
To display an overallT dependence of63(1/T1) below Tc ,
the long component63(1/T1L) is tentatively extracted from a
fit of Eq. ~1! to R(t) smaller than 0.5 as indicated by solid
line in Fig. 4~b!.

Figures 15~a! and 15~b! show the T dependence of
63(1/T1L)' (s) and 63(1/T1L) i (d) below Tc plotted in
logarithmic scales for the compounds withTc 5 70 K and 52
K, respectively.63(1/T1)’s for both samples decrease rapidly
following a power-law-likeT dependence belowTc without
any enhancement just belowTc , which is the common be-
havior in most of high-Tc cuprates. At low temperatures well
below Tc , it is evident that

63(1/T1) obeys theT1T5const
relation. In Fig. 16,R(tT)’s in a T range of 1.4–10 K well
belowTc are plotted against the product of the timet and the
temperature T, tT, for the compound with Tc
5 70 K in ;11 T parallel to thec axis.R(tT)’s fall on a
unique curve over aT range of 1.4–10 K, suggesting that all
the 63T1 components follow theT1T5const relation at low
temperatures regardless of the distribution ofT1. The relax-
ation behavior in the superconducting mixed state is affected
by fluxoid cores. An array of fluxoids gives rise to two dif-
ferent relaxation processes:~a! the thermal fluctuation of
fluxoids which generates the transverse fluctuating field49

FIG. 13.Tc vs xQ\GQ plots for various high-Tc cuprates~Refs.
16,17,41,43!.

FIG. 14. Tc vs ajm(Tc) plots for various high-Tc cuprates
~Refs. 16,17,41,43!.

FIG. 15. T dependences of63(1/T1)' (s) and 63(1/T1) i (d)
belowTc at ;11 T. ~a! Tc570 K and~b! 52 K.

FIG. 16. Relaxation function,R(tT), plotted againsttT in a T
range of 1.4–10 K for Tl1212 withTc570 K. The result that
R(tT) is on a single curve probes that all the63T1 components
follow the T1T 5 constant law below 10 K.

10 138 54K. MAGISHI et al.



and ~b! the spin diffusion to vortex cores.50 In the former,
1/T1 should be suppressed with increasing field, whereas in
the latter, 1/T1 is enhanced with increasing the number of
fluxoids. The nuclear relaxation measurements belowTc in
the magnetic field were reported in YBCO7,

51,52Y124,53 and
Hg1223,21 so far. From the result that the value of 1/T1T
5const is linearly enhanced by the magnetic field, the
nuclear relaxation for these compounds was shown to be
dominated by the spin diffusion process to the vortex cores.
By contrast, 63(1/T1) for Bi2212 ~Ref. 24! and Tl2223,22

which followed theT1T5const law, did not reveal any ap-
preciable field dependence down to low temperatures. The
T-linear dependence of 1/T1 in these compounds was con-
cluded to be dominated by the presence of the residual DOS,
at the Fermi level,Nres, rather than the vortex cores. As
discussed extensively in the literatures,54–58 the gapless su-
perconductivity caused by some imperfections presenting in
the crystals provided an important clue to address the pairing
state for high-Tc cuprates to be thed wave where the non-
magnetic potential scattering acts as a pair breaker.

In order to investigate the relaxation process belowTc in
Tl1212, theH dependence of63(1/T1) was measured in a
field range of 4–11 T. TheH dependences of63(1/T1) par-
allel (d) and perpendicular (s) to thec axis atT 5 4.2 K
for the compounds withTc 5 70 K and 52 K, respectively,
are displayed in Fig. 17. As seen in the figure,63(1/T1)’s at
low temperatures exhibit nearlyH-linear dependences for
both compounds. Furthermore, theH dependence is more
pronounced inHic than inH'c. In a rapid spin diffusion
limit, 1/T1 is given by59

~1/T1!obs,i5~1/T1n21/T1s! i
H

F
j jjk1~1/T1s! i

~ i , j ,k5',',i !, ~18!

where 1/T1n and 1/T1s are the relaxation rates in and out of
vortex cores,F is the flux quantum, andj i is the supercon-
ducting coherence length along thei direction, respectively.
1/T1 is enhanced by the external magnetic field, and depends

on the direction of the applied magnetic field due to the
anisotropy ofj i (j'>j i). Therefore, these experimental re-
sults prove that the relaxation process for Tl1212 is domi-
nated by the spin diffusion process to the vortex cores at low
temperatures as in the cases of YBCO7,

51,52 Y124,53 and
Hg1223,21 in contrast to the cases of Bi2212~Ref. 24! and
Tl2223.22 The fact that theT1T5const relation holds at low
temperatures under the magnetic field suggests that the elec-
tronic state in the vortex cores is described by the Fermi-
liquid picture.52,53

Figures 18~a! and 18~b! show theH dependences of
63(1/T1)' for the compounds withTc570 K and 52 K, re-
spectively, in aT range of 1.4–10 K.63(1/T1s)' , inherent to
the superconducting state, is determined from the extrapola-
tion to zero field (H→0) according to Eq. ~18!.
63(1/T1)obs’s above 10 K were also confirmed to follow Eq.
~18!. The thus obtainedT dependences for the compounds
with Tc570 K and 52 K are presented in Figs. 19~a! and
19~b!, respectively, where open (s) and solid (d) circles
correspond to the raw 1/T1 data in;11 T and 63(1/T1s)'
estimated from the extrapolation to zero field in Fig. 18,
respectively. It is remarkable that63(1/T1s)' decreases over
four orders of magnitude belowTc and behaves as63T1sT
5const below 10 K, indicative of the gapless nature of the
superconductivity. Possiblein situ imperfection, presumably
existing associated with the oxygen content in Tl1212, may
be responsible for the potential scattering, bringing about
Nres as reported in many instances in the literatures.54–58

1/T1T normalized atTc , (1/T1T)Tc, is related to the fraction

of the residual DOS,Nres/N0, from a formula

~1/T1sT!

~1/T1T!Tc
5SNres

N0
D 2. ~19!

The fraction ofNres/N0 is a measure to what extent the ef-
fective DOS is lost due to the onset of the superconductivity,
and is estimated to be about;0.10 for both samples with
Tc570 K and 52 K from Eq.~19!. The suppression inTc by
the nonmagnetic impurity in high-Tc cuprates was reported
first by the NMR study on Zn-doped YBCO7,

20 which was

FIG. 17. Magnetic field dependences of63(1/T1) parallel (d)
and perpendicular (s) to thec axis atT54.2 K. ~a! Tc570 K. ~b!
Tc552 K.

FIG. 18. Magnetic field dependences of63(1/T1)' in a T range
of 1.4–10 K.~a! Tc570 K and~b! Tc552 K.
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established by subsequent extensive experimental and theo-
retical works.54–58 The novel impurity and imperfection ef-
fects gave a decisive clue in identifying the OP of the high-
Tc superconductivity to be of thed wave withdx22y2 sym-
metry together with the extensive theoretical works. A sub-
stantial aspect of thed-wave superconductivity with the line
node is that even whenTc is moderately affected by impuri-
ties, the intrinsic gapless state with the line node changes
into the gapless state with the finite DOS at the Fermi level.
In general, it should be noted thatTc is controlled not only
by the hole content, but also reduced by some imperfection
and/or impurity. Since the amount ofNres/N0 is nearly the
same for two samples withTc570 K and 52 K, it is con-
cluded that the reduction inTc from 70 K to 52 K is not
caused by a potential scattering, but by an increase of holes.

As indicated by solid lines in Figs. 19~a! and 19~b!, the
T dependences of63(1/T1s)' in Tl1212 compounds are well
interpreted by the gapless 2Dd-wave model withdx22y2

symmetry where the energy gap vanishes along line at the
cylindrical Fermi surface with the form ofD(f)
5DBCS(T)cos(2f) together withNresassociated with the po-
tential scattering as illustrated in the inset of Fig. 19. From
the best fits to63(1/T1s)' (d), the parameters of 2D/kBTc
5 8 andNres/N0 5 0.10 were deduced for both samples with
Tc 5 70 K and 52 K. Most remarkably, it is noteworthy that
the same gaplessd-wave-pairing model was consistently ap-
plied to the NMR results in Zn-doped YBCO7,

20 Hg1223,21

Tl2223,22 Tl2201,23 Bi2212,24 and LSCO ~Ref. 25!
(x>0.20! with nearly the same magnitude of the gap,
2D/kBTc58, and the residual DOS fraction depending on
the extent of the potential scattering in each compound.
Without exception, the relaxation behavior in the supercon-
ducting state reported so far is in excellent agreement with
the d-wave model. This conclusion is also supported by the
Knight shift experiment as presented in the next section.

2. Knight shift

As displayed in Figs. 3~a! and 3~b!, 63K' decreases below
Tc570 K and 52 K, whereas63K i decreases rapidly below
Tc;63 K and 42 K.Tc is more easily lowered by the mag-
netic field parallel than perpendicular to thec axis.Nres is
induced not only by the potential scattering effects, but also
by the magnetic field for theHi c axis. In order to avoid a
complication to identify the origin of the residual DOS, we
have analyzed the Knight shift data of63Cu for theH'c axis
in addition to 1/T1 whereTc is not significantly suppressed
by the field. The residual shift at low temperatures is com-
posed of theT-independent orbital shift and the residual spin
shift originating from the finite DOS at the Fermi level. In
order to estimate theT dependence of the spin Knight shift
63Ks,' , the orbital Knight shift 63Korb,' 5 0.20% is sub-
tracted from the raw data. The thus obtainedT dependence
of 63Ks,' normalized by the value atTc ,

63KTc
,

63Ks,' /63KTc
, is presented in Fig. 20, where the solid line is

calculated using the gaplessd-wave model with the same
parameters of 2D/kBTc58 andNres/N050.10 as those in the
analyses of63(1/T1) in the previous section. Thus, the results
of both 63K and 63(1/T1) are consistently understood in
terms of the gaplessd-wave model with the finite DOS at the
Fermi level. From these experiments, it is concluded that
superconductivity in the overdoped regime is of thed-wave
type as confirmed in Tl2201.23 Together with La-~Ref. 25!
and Y-based systems,20 the extensive NMR studies have
clarified that thed-wave superconductivity is realized in
high-Tc cuprates regardless of doping level.

IV. CONCLUSION

Whereas normal state properties in high-Tc cuprates are
stressed to be quite anomalous in the underdoped region
where spin gap behavior is of much interest, the present sys-
tematic NMR investigations in the overdoped Tl1212 have

FIG. 19. T dependences of63(1/T1)' belowTc . ~a! Tc570 K.
~b! Tc552 K. Open (s) and solid (d) circles indicate the raw data
in ;11 T and63(1/T1s)' extrapolated to zero magnetic field in Fig.
16, respectively. Solid lines are the calculation based on the gapless
d-wave model with the parameters of 2D/kBTc58 and
Nres/N050.10.

FIG. 20. T dependences of63Ks,'/
63KTc

plotted againstT/Tc .
s : Tc570 K. d : 52 K. 63KTc

is the value of63Ks,' at Tc . Solid
line is the calculation based on the gaplessd-wave model with the
same parameters as in the analyses of63(1/T1)' with 2D/kBTc58
andNres/N050.10.
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unraveled that the high-Tc cuprates share the common fea-
tures regardless of doping level; that is, the AF spin fluctua-
tion is present, yielding the Curie-Weiss law of63(1/T1T)
and the superconductivity is of thed-wave type.

Furthermore, the magnetic and the superconducting char-
acteristics of the overdoped Tl1212 compounds were com-
pared with the AF spin fluctuation model developed by
Moriya, Takahashi, and Ueda, and Monthoux and Pines.
Then, most of implications from such theories have been
confirmed experimentally. Namely, the nuclear-spin lattice
relaxation rate divided by temperature,63(1/T1T)}GQ

21, and
the Gaussian spin-echo decay rate, (1/T2G)

2}jm
2 , for 63Cu

have revealed the Curie-Weiss behavior for the compounds
with Tc570 K, 52 K, and 10 K, leading to the relationship of
GQjm

2 (}xQGQ) being invariant with temperature. This ex-
perimental signature was predicted by the theories in which
the dynamical susceptibility aroundQ5(p/a,p/a),
x(Q,v), was described in terms of the Lorentzian forms
with respect to both the wave number and the energy distri-
bution.

As a natural consequence, above theories predicted the
d-wave superconductivity mediated by the AF spin fluctua-
tion and derived the novel relationship betweenTc and the
spin fluctuation parameters such asGQ andjm as follows:

Tc5GQjm
2 @~12d!/0.79#exp~21/l!.

Actually, in the previous works, it was found from measure-
ments of 1/T1 and 1/T2G of 63Cu that the significant en-
hancement ofGQ was the origin of the increase ofTc from
93 K in YBCO7 to 115–133 K in Tl2223 and Hg1223 in the
optimum-doped regime. Althoughjm even decreases in
Tl2223 and Hg1223, the increase ofGQ increasesTc linearly
by the increase of the product ofGQjm

2 , being in good agree-
ment with the above formula.

By contrast, in the overdoped Tl1212 compounds,GQ is
transferred to a higher-energy region, whilejm concomi-
tantly becomes smaller than those in the optimum-doped re-
gime. Then, as holes increase, the AF spin correlation be-
comes less distinct. In spite of the rather slight decrease of
GQjm

2 , the reduction rate inTc for Tl1212 is much more
pronounced than in the optimum-doped compounds~see Fig.
13!. Eventually, the decrease ofjm , i.e., the suppression of
the AF spin correlation, is anticipated to weaken the pairing
interaction for the onset of thed-wave superconductivity,
resulting in the decrease ofl in above formula.

l seems to remain constant in the optimum doping region
wherejm exceeds a critical value aroundajm;20. There-
fore, the enhancement ofGQ makesTc enhanced rather lin-
early. On the other hand, the increase of the hole content in
going from the optimum-doped to the overdoped regime de-
creasesjm to less than the critical value under whichl starts
to decrease appreciably. A change of the spin fluctuation
spectrum with increasing hole content has been established
from the present NMR experiments. In this context, the sys-
tematic NMR investigations from the optimum-doped to the
overdoped high-Tc cuprates have allowed us to conclude that
the spin-fluctuation-induced mechanism is most promising
for the high-Tc superconductivity as long as the case is con-
cerned with the optimum-doped and the overdoped doped
regimes.
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