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89Y nuclear magnetic resonance study of Ca-doped Y1ÀxCaxBa2Cu3Oy from the underdoped
to the overdoped superconducting regime
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89Y NMR linewidth, Knight shift, spin-echo dephasing, and spin-lattice relaxation measurements have been
carried out in Y12xCaxBa2Cu3Oy . Underdoped and overdoped samples have been obtained by means of Y31

for Ca21 substitutions in the parent chain-empty antiferromagnetic~AF! YBa2Cu3O6.1 and in the chain-full
YBa2Cu3O7, respectively. Unexpected effects, as the divergence of relaxation rate with the concurrent broad-
ening of the NMR line in the underdoped superconducting phase and the inadequacy of the Korringa relation
between the relaxation rate 1/T1 and Knight shift, even in the overdoped regime, suggest that a revision of the
commonly accepted view of YBa2Cu3O61y compounds is required. In particular the linear temperature depen-
dence ofT1

21 and the temperature behavior of Knight shift cannot be accounted for over all the temperature
range. In the underdoped superconducting phase the divergence of 1/T1 on cooling is associated with the
slowing down of excitations possibly related to sliding motions of orbital currents, or with the concurrent
freezing of AF correlated spins. Echo-dephasing measurements evidence an extreme slowing down of longi-
tudinal spin fluctuations which appear to be driven by a different dynamic, related either to flux line motions
or to 63,65Cu spin-lattice relaxation.

DOI: 10.1103/PhysRevB.69.104512 PACS number~s!: 74.25.Nf, 76.60.Es, 76.75.1i, 75.10.Jm
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I. INTRODUCTION

In spite of an intense research activity along the last
years, relevant microscopic aspects of high-temperature
perconductors~SC! are still under debate. Besides the pairi
mechanism, those issues involve Cu21 spin dynamics and its
interplay with carriers charge and spin fluctuations and
underdoped compounds, the spin gap and/or the charge
opening at a temperatureT* above the transition temperatu
TC as well as the coexistence of superconductivity and m
netism. The normal-state phase diagram in the underdo
regime seems to be more complex than expected. The o
doped regime has been less studied and it also exhibits s
unexplained features. In short, it is the evolution with t
hole concentration that presents the major challenge in
gards to the microscopic mechanism underlying high-TC su-
perconductivity.

Nuclear magnetic resonance–nuclear quadrupole r
nance~NMR-NQR!, muon spin relaxation (mSR!, and, in
part, electron paramagnetic resonance~EPR! have recently
provided relevant information on the doping dependence
the internal fields, of the low-energy spin excitations, of t
antiferromagnetic~AF! correlation, of the density of state
around the Fermi level and of other quantities.1 89Y nucleus,
lacking of quadrupole moment and filtering out the AF co
relations, has already been used in several NMR studie2–9

and allowed to investigate the evolution with doping of t
phase diagram and, in particular,4 of the density of states
r(E), in which charge and spin excitations for convention
Fermions can be imbedded.10

In this paper we present and discuss the results of sys
atic 89Y NMR measurements of the linewidth, of the Knig
0163-1829/2004/69~10!/104512~7!/$22.50 69 1045
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shift, of the echo-dephasing time, and of nuclear spin-lat
relaxation timeT1, in Y12xCaxBa2Cu3Oy ~YBCO! super-
conductors, spanning from the underdoped to the overdo
regime, in the temperature range 1.5–300 K. Prelimin
89Y NMR T1 and linewidth data in Y0.85Ca0.15Ba2Cu3O6.1
have been published11 and two unexpected results we
found. The NMR line was observed to broaden on cool
below about 80 K and the89Y relaxation rate to display a
peak around 8 K, with recovery law of stretched exponen
character. Later on Singer and Imai12 confirmed the afore-
mentioned observations in underdoped YBCO, also repor
63Cu T1 and 89Y Knight shift andT1 in other three samples
with different Ca and/or oxygen content.

II. EXPERIMENTAL DETAILS AND RESULTS

The hole concentrationnh in YBCO depends from the
transfer of carriers from CuO chains to CuO2 planes. The
properties of underdoped YBCO are related not only to
oxygen content but also to the chain ordering.13,14 The best
way to changenh without affecting the chain ordering and a
the same time to attain the overdoped regime is by mean
Ca21 for Y31 substitution. In chain-empty
Y12xCaxBa2Cu3O6 the substitution forx up to 0.25 ~and
nh5x/2<0.12) leads to the underdoped regime witho
affecting15 the coordination of Cu~1! ions, which remain in
the 3d10 electronic configuration. By starting from optimall
doped YBa2Cu3O7 through Ca substitution one can attain t
overdoped regime, with oxygen-full CuO chains.

The samples of chemical composition Y12xCaxBa2Cu3Oy
were prepared by solid-state reaction of oxides and carb
ates in flowing oxygen at 1000 K for about 100 h. X-ra
©2004 The American Physical Society12-1
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powder diffraction was used to check the presence of a si
phase. The oxygen stoichiometry was first estimated by t
mogravimetry and energy dispersive spectrometry. Then
samples were either oxygenated close toy57 by annealing
in oxygen atmosphere~25 atm! at 450 K for about 100 h or
reduced as much as possible by leaving them under vac
for about 100 h. The final oxygen content turned out to
y56.9760.02 for overdoped YBCO andy56.1060.05 for
the underdoped samples. The zero-field transition temp
tures TC(0) were estimated from magnetization curves
H520 G. Sharp transitions were detected in overdoped
well as in underdoped samples havingTC*50 K ~see Table
I!. In strongly underdoped compounds the transition was
served to broaden. It can be remarked that the local diso
evidenced12 in 63Cu NQR spectra and related to electric-fie
gradient distribution is not manifested in the89Y NMR spec-
tra. In Table I the transition temperatureTC(0) and the hole
concentrationnh , estimated according to the empiric
expression8 TC /TC

max51282.6(nh20.16)2, are reported.
In Fig. 1 the Knight shiftKS of the 89Y resonance line

with respect to the one in a reference solution of YCl3 ~after
the substraction of temperature independent 150 ppm ch
cal shift contribution! is reported. The89Y NMR linewidth
@full width at half intensity~FWHI!# is practically tempera-
ture independent down toTC in optimally doped and in over
doped compounds, showing only a little increase on cool
In the superconducting phase of the overdoped samples
the broadening due to the vortex lattice1 occurs. On the con-
trary, in underdoped compounds the linewidth~Fig. 2! in-
creases sizeably well aboveTC .11 Below TC the line broad-
ening superimposes to the one due to vortex lattice11 dnFL
}lL(T)22 (lL is the London penetration length!.

The 89Y spin-lattice relaxation rates 1/T1 are reported as a
function of temperature in the normal state~Fig. 3! and in the
superconducting phases~Fig. 4! for typical overdoped and
underdoped samples. The recovery laws in the normal ph
are described by a single exponential, as expected foI
51/2, with a site-independent fluctuation dynamics. In ov
doped compounds an exponential recovery law is dete
also belowTC . In underdoped compounds a fast relaxi
component, of stretched exponential character, is found
arise progressively on cooling below about 60 K, increas

TABLE I. Superconducting transition temperatureTC in over-
doped and underdoped Y12xCaxBa2Cu3Oy and estimated number o
holes per CuO2 unit.

x y Tc ~K! nh

0 6.65 62.5 0.12
0.05 6.97 82.0 0.18
0.1 6.96 73.0 0.20
0.1 6.96 70.0 0.21
0.2 6.98 49.5 0.23
0.25 6.1 3561 0.07
0.15 6.10 3461 0.07
'0.15 6.05 2062 0.06
0.1 6.10 1462 0.06
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at the expenses of the slow relaxing, single-exponential
covery ~inset in Fig. 4!. The long T1 component follows
approximately the temperature dependence expected in
superconducting phases, while the fast relaxing compon
shows a divergent behavior on cooling, with a maximum
the relaxation rate occurring at a temperatureTg around 8 K.
The relaxation rate in the superconducting phase of ov
doped samples is roughly the one expected belowTC , once
the contribution from vortex motions around the irreversib
ity temperature is taken into account.

Finally in Fig. 5 the temperature behavior of the effecti

FIG. 1. 89Y NMR Knight shift as a function of temperature i
underdoped and overdoped regimes of Y12xCaxBa2Cu3Oy . The
data represented by down triangles and by open diamonds are
Ref. 12 for x50.22, while the ones represented by open squa
and up triangles are from Ref. 5 forx50.20.

FIG. 2. 89Y NMR linewidth dn ~FWHI!, in H059 T, as a func-
tion of temperature in the underdoped regime
Y12xCaxBa2Cu3O6.1. The data reported as triangles are from R
12. The solid line belowTC(H) tracks the behavior of the linewidth
dnFL expected from the vortex lattice, forTC(H)'25 K ~see Ref. 1
and references therein for details!.
2-2
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89Y NUCLEAR MAGNETIC RESONANCE STUDY OF Ca- . . . PHYSICAL REVIEW B 69, 104512 ~2004!
decay rate 1/T2, namely, the inverse of the echo decay tim
to e21 from the initial ~extrapolated! amplitude, is reported,
as detected in the standardp/2-t-p sequence~Hahn echo! or
in Carr-Purcell-Meiboom-Gill~CPMG! sequence.

III. ANALYSIS OF THE DATA AND DISCUSSION

The NMR line shape results, in principle, from sever
contributions. One source is related to the dipolar interact
with like (89Y) and unlike (63,65Cu) nuclei, and yields a
Gaussian line shape.16 Due to other sources of broadenin
such as field inhomogeneity, distribution of demagnetizat
factors, etc., the FWHIdn of the 89Y NMR line is found
around 1 KHz.dn depends only little on doping and shou
be practically temperature independent, down toTC . In the
superconducting state extra broadening is due to the b
distribution of the local field induced by the flux-lines lattic
and 89Y linewidth tracks the local-field modulation.17 It is
evident from Fig. 2 that another line broadening mechan
is present at low temperature in the underdoped compou
arising well aboveTC(H).

As regards the shift of89Y NMR line, KS originates from
the field-induced polarization of delocalized Fermi-like ca
riers or from the field at the Y site due to the localized ma
netic moments at the Cu21 spin, depending on the interpre
tative model. Since the field is mostly due to the sca
transferred hyperfine interaction, one can consider the s
KS as isotropic.KS is related to the spin susceptibility,

KS5
HD

gmB
xspin5HDgmBx8, ~1!

FIG. 3. 89Y NMR relaxation rate in the normal state, in ove
doped Y12xCaxBa2Cu3O6.95 ~a! and in underdoped
Y12xCaxBa2Cu3O6.1 compounds ~b!. The data for x50.22
@TC (0)'75 K ~open circles! and TC(0)530 K ~open triangles!#
are from Ref. 12. The dashed-dotted line, in~a!, is the best-fit be-
havior in overdoped compounds, by using the generalized sus
tibility as given in Ref. 20. The dashed line, in~b!, tracks the effect
of the spin-gap opening occurring below about 350 K. In the inse
typical recovery plot observed in the normal state is reported.
10451
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whereHD is thez-component of the magnetic field at the
site and where the static uniform spin susceptibilityx8 ~in
eV21 units! has been introduced, whilexspin[g2mB

2x8.
In cuprates the 3d electron band is rather narrow and

tight-binding models the magnetic properties are usually w
described within a localized spin approximation, with ma
mum spin density at Cu~2! site. Thenx8 in Eq. ~1! can be
thought of as theq50,v50 limit of the generalized spin
susceptibilityx(qW ,v) pertaining to the Cu21 magnetic mo-
ments.

In the somewhat opposite interpretative model the dop
induces a Fermi liquid of itinerant holes. In this caseHD can
be written as (8p/3)^uk&

2gmB (^uk& being the average of the
Bloch function for carriers at the Fermi surface!, namely, the
hyperfine contact term, and the static susceptibility is usu
written as

x8~0,0!5
r~EF!

12Ir~EF!
~2!

with r(EF) being the density of states at the Fermi level a
I[Iq50 a doping-dependent coupling constant which a
counts for the AF correlation. Within the scenario of deloc
ized carriers a phenomenological way to account for the e

FIG. 4. 89Y relaxation rate, in the low-temperature range f
overdoped Y12xCaxBa2Cu3O6.95 @open symbols:x50.05~squares!;
x50.10 ~triangles!# and for underdoped Y12xCaxBa2Cu3O6.1

@closed symbols:x50.25 ~squares!; x50.15, TC(0)520 K ~tri-
angles!, x50.15, TC(0)534 K ~circles!#. The lines are guides for
the eye. The inset evidences that in underdoped regime the reco
law is the sum of two components. The fast relaxing component
a stretched exponential character andT1 has been taken as the valu
at which it reduces toe21.

p-

a
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lution of KS with doping in the overdoped regime is to ad
an energy independentr(E) with a density of states showin
a singularity at the Fermi level.4 A form of x(0,v), some-
what including the features of both models will be recall
later on.

The 89Y relaxation rate can be conveniently written
terms of the dynamical spin susceptibility,1,18,19

T1
215

89g2

2N
kBT(

q̃

Aq̃
2 x69 ~ q̃,vm!

vm
~3!

and the form factorAq
2 can be assumed independent of t

orientation of the external magnetic field. For localized m
ments one has1 Aq̃

2
5HD

2 $cos2(qxa/2)cos2(qyb/2)cos2(qzd/2)%
(d is the distance between adjacent CuO2 planes! with HD
.36 KOe. For ferromagnetic correlation among planesqz
50.

For delocalized carriers~DC! Aq
2 is practicallyq indepen-

dent. A recent attempt to derive a form ofx(qW ,v) suitable to
fit the temperature dependence of63,65Cu, 17O, and 89Y T1
in optimally doped is due to Zavidonov and Brinkmann,20 by
using a two-times Green function method, within at-J model
framework. We recall that because of theq dependence ofAq

2

filtering out the AF fluctuations, to a good approximation, t
relaxation rate becomes

1

T1
5

89g2

2
HD

2 kBT

N (
qW

xS~0,0!

GqW~0!
, ~4!

where the form factor has been takenq independent, as fo
delocalized carriers. In optimally doped YBCO, in the te
perature range 100–300 K the experimental behavior of 1T1
has been rather well reproduced.

The linear temperature dependence of the relaxation
in the normal state is a characteristic mark of optima

FIG. 5. Inverse of the dephasing time of the spin echo
Y0.75Ca0.25Ba2Cu3O6.1 for the Hahn~squares! and for CPMG~tri-
angles! sequences, as a function of temperature. In the inset
blow up of data for the Hahn echo in the low-temperature rang
shown~the dotted line is a guide to the eye!.
10451
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doped and overdoped Y12xCaxBa2Cu3Oy . It should be re-
marked that this behavior is not in agreement with the K
ringa relationT1T}KS

22 , sinceKS in overdoped compound
is temperature dependent, decreasing by about 20–25%
increasingT from 80 K to 300 K~Fig. 1!. This anomaly was
already pointed out by Nandoret al.9 in optimally doped
YBCO, by extending the measurements up to about 800

The data forKS and T1 in the overdoped sample withx
.0.10 can be compared with the theoretical calculation
using the generalized susceptibility given in Ref. 20, in c
respondence to the valuenh50.21 for the hole concentra
tion. A partial agreement for theT dependence ofKS is
found. However, the linearT dependence of 1/T1 could be
reproduced only over a limited temperature range, simila
to what was already found in optimally doped YBCO.

In underdoped compounds, in agreement to previ
observations,2–6 the linear temperature dependence of 1/T1
breaks down due to the pseudogap opening. For a Fermi
spectrum of excitations, since 1/T1}r2(EF), the pseudo-gap
is manifested not only in the spin but also on charge exc
tions, as observed by means of various technique10

89Y NMR results indicate that a DC model can hardly
applied in the underdoped regime. One may speculate
the spin-gap opening has to involve a phenomenon of m
netic character, such as antiferromagnetic fluctuations le
ing to a local situation similar to the one occurring in th
parent AF, with a gap between two Hubbard bands.

In the SC state the temperature dependence of 1/T1 in
overdoped~and in optimally doped! YBCO is substantially
the one expected for spin-singlet andd wave pairings, with a
slight shoulder aroundT>50 K possibly due to the flux-lines
motions. The behavior in underdoped compounds~Fig. 4! is
dramatically different. A sharp peak in 1/T1, around Tg
.8 K, is detected and forT&50 K the recovery law takes a
stretched exponential character. The peak in 1/T1 is a neat
indication of the occurrence of slowing down of the sp
fluctuations in the 20 MHz range. It points out that a furth
source of relaxation, not present in overdoped samples,
to be taken into account. On general physical grounds
view of the frequency and temperature dependence ofT1’s
and of the nonexponential recovery law, one can write
relaxation rate due to the extra contribution in underdop
SC phase as 1/T1'89g2^he f f

2 &J(vL ,te), J(vL ,te) is the
spectral density atvL589gH0 and te effective correlation
time for the transverse fluctuations ofhW e(t) at nuclear site
with mean square amplitudêhe f f

2 &. The stretched exponen
tial recovery corresponds to

e2(t/T1
e)1/2

5E
0

`

pS 1

T1
De(2t/T1)dS 1

T1
D ~5!

where

pS 1

T1
D5

T1

2ApS T1

T1
eD 1/2e2T1/4T1

e

e
is
2-4
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is a distribution function that can be related to the distrib
tion of the energy barriersE, yielding an average correlatio
time ^te&5t0e[ ^E&/kBT] .

From the condition that forT.Tg the maximum in the
relaxation rates impliesJ(vL ,^te(Tg)&).1/vL one can ex-
tract A^he f f

2 & from the experimentalT1(T5Tg) data. One
obtainsA^he f f

2 &.15 Oe, a value about a factor 10 small
than the one in underdoped La22xSrxCuo4.21 The reduced
effective field indicates that in bilayer compounds the cor
lation between adjacent CuO2 planes partially cancels the e
fective fluctuating field at Y site and that the extra contrib
tion to 1/T1 in the low-temperature range of underdop
compounds could possibly arise from the sliding motions
orbital currents.22 In Fig. 6 the data for
Y0.75Ca0.25Ba2Cu3O6.1 in the low-temperature range are fitte
by assuming a rectangular distribution forE, of width D,
leading to23 J(vL ,te)5@1/2vL(D/T)#@arctg(t0vLe(E1D)/T)
2arctg(t0vLe(E2D)/T)# ~with E andD in Kelvins! and one
obtainst0.8310210 s, E522 K, andD516 K.

Now we discuss the data for the echo dephasing. FoT
>30 K the data obtained from the Hahn or CPMG seque
practically coincide. In the low-temperature region an e
hancement of the decay rate of the Hahn echo around 7 K is
observed. Below about 3 K, an increase inT2

21 begins to
appear. Accordingly, the functionhe(2tm) shows a signifi-
cant changeover~Fig. 7!. ForT>10 K he(2tm) is practically
exponential. AroundT.10 K the decay function appear
roughly of the form he(2tm)}e2tm3 /te. In the low-
temperature range,T,7 K, the functionhe(2tm) changes
again to a form resembling the stretched exponential. Hav
obtained from theT1 data the temperature behavior ofte
~correlation time for the transverse fluctuation! one can de-
rive an estimate of the order of magnitude and of the te
perature behavior of the dynamical contribution toT2

21

;g2,h2.2t'(dvz)
2t by assuming for (dvz)

2 a value
corresponding to a fraction of the linewidth, saydn
;1 KHz. Thus the dynamical contribution toT2

21 would

FIG. 6. Fit of 89Y relaxation rate in Y0.75Ca0.25Ba2Cu3O6.1 for a
single energyE ~dashed-dotted line! and for a rectangular distribu
tion ~solid line!. The best-fit values derived from the solid line tu
out E522 K, D516 K, andt058310210 s.
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become of the order of 100s21 only around 2.5 K, then
rapidly increasing on cooling and flattening atT;1.2 K.
The conclusion is that the slowing down of the spin dyna
ics causing the maximum inT1

21 could be responsible only
of the slight increase inT2

21 detected below about 2 K~see
Fig. 5!. Therefore the peak inT2

21 observed around 7 K is
due to a dynamic different from the one yielding the peak
T1

21 at about the same temperature.
Extra peaks in the spin-echo dephasing rate have alre

been detected in optimally doped YBCO, aroundT.30 K
~see Ref. 24 and references therein!, including for NQR63Cu
T2, which would at first sight rule out the hypothesis of
contribution due to vortex dynamics. In view of the compl
phase diagram that has been argued to characterize the
temperature phases of underdoped cuprates, with a varie
low-energy excitations25 one cannot disregard the hypothes
of the ‘‘extra peak’’ in 1/T2 indicative of a novel type of
dynamics driving the transverse fluctuations of the local fi
at the Yttrium site. Nevertheless, a conventional source
the peak observed in 1/T2 can still be envisaged in the vorte
dynamics. In strongly underdoped YBa2Cu4O8, the effective
correlation time describing vortex motions has been prove26

to diverge on cooling belowTC , reaching the millisecond
range at about 10 K, with an~extrapolated! irreversibility
temperature around (0.2–0.3)TC . For an order of magni-
tude estimate of the contribution to the echo decay from
vortex lattice motion one can write

1/T2FL;g2^DH2&
2tFL

11~tm/tFL!2

while the echo decay function can be expected of the fo
h(tm)}exp@2tm/tFL#3. The maximum in (T2

21)FL should
occur at the temperature wheretFL is of the order of the
characteristic measuring timetm in the Hahn echo. Then a
very small amplitudeADH2;0.2 Oe of the dynamical ripple

FIG. 7. Normalized echo amplitude for representative tempe
tures. The stars indicate the decay of the echo amplitude aft
CPMG pulse sequence. The lines are guide for the eye.
2-5



ta

ila
t

ex
e

ct

a
g

ou
i-
g

en

ur
u-
e
u

e-

e-
ti
e
p
pe

T

s
ili

his
een
-
he
of
pen-

of

ped
t

f
of

a-
rce
tri-

t
mall
e

ic
ge
vi-
bly
ated
era-
the

ried

of
ts

-

a-
sent

tay

P. CARRETTAet al. PHYSICAL REVIEW B 69, 104512 ~2004!
in the local-field distribution accounts for the experimen
results (T2

21)max;400 s21, at T.7 K.
Another possible source for the extra peak in 1/T2 is the

fluctuations in the local field induced by63Cu nuclear spin-
lattice relaxation, with a characteristic timeT1

Cu.tm . This
value of 63Cu T1 would be feasible if63Cu spin-lattice re-
laxation has aT dependence similar to the one of89Y. We
remark that63Cu T1 measurements in the low-T range are
prevented by the very short transverse relaxation time~wipe-
out effect, see Refs. 12 and 21 for a thorough discussion!. If
63Cu 1/T1 has a maximum on decreasing temperature sim
to the one evidenced in89Y spin-lattice relaxation, then a
low temperature the conditiontm.T1

Cu can be matched
again to yield a peak in89Y 1/T2.

Finally we observe that spin-glass dynamics are
tremely complex, involving motions on many different tim
scales at the same temperature. The aforementioned pi
is strictly based on an activated model. Spin glasses are
more complex, and may well exhibit a peaking of fluctu
tions over a wide range of time scales within a narrow ran
of temperatures, possibly accounting for the simultane
peaks inT1 andT2. However, it appears difficult to quant
tatively justify these simultaneous peaks even considerin
very broad frequency distribution and, therefore, a differ
relaxation mechanism has to be invoked.

The broadening of the NMR line starts in a temperat
range where no effects of the vortices nor ‘‘static’’ contrib
tion from the slowing down of the spin dynamics discuss
above are active. It is feasible that the broadening res
from a stripelike modulation in a quasistatic local field,12 the
site-dependent field in the neighborhood of ‘‘stripes’’ pr
venting the occurrence of a common spin temperature.

IV. SUMMARIZING REMARKS

By means of89Y NMR spectra and relaxation measur
ments the evolution with doping of the microscopic magne
properties in YBCO’s superconductors compounds has b
investigated. In order to change the number of holes
CuO2 unit and to span from the underdoped to the overdo
regime, without affecting the CuO chains, the Ca21 for Y31

substitution was performed.89Y NMR linewidth dn, Knight
shift KS , T1 , T2 in a temperature range 1.6–300 K at 9
have been measured.

In the normal phaseT.TC(H) an analysis of the data i
attempted on the basis of a generalized spin susceptib
or
s
h

tt.
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which includes charge and spin excitations. However t
form seems to reproduce the experimental relation betw
KS and T1 in the overdoped regime only in a limited tem
perature range, while it cannot justify the breakdown of t
conventional Korringa relation. Only a heuristic depletion
hole density of states, corresponding to the pseudogap o
ing, can justify the departure from the linear dependence
T1

21 in the underdoped compounds.
As regards the superconducting phase, in the overdo

regime the behavior ofT1 is the one expected for spin-single
andd-wave pairings, with a slight shoulder atT>50 K, due
to flux line motions. In underdoped compounds, instead,T1

21

and the echo decay rate show a peak at.8 K, while dn
increases on decreasing temperature forT<80 K. The be-
havior ofT1 can be tentatively attributed to sliding motion o
orbital currents often described as glass-spin freezing
magnetic moments. A wide distribution of effective correl
tion time for transverse fluctuations is indicated. This sou
of relaxation could be present also in the dynamical con
bution to the echo decay rateT2

21, but only below about 2 K.
Instead an extra peak inT2

21 is detected at about 7–8 K. I
has been argued how this effect could be due to a very s
fluctuation amplitude in the local-field distribution due to th
vortex lattice or to63Cu T1 processes, with a characterist
correlation time of the motion reaching the millisecond ran
typical of the Hahn echo measure. Finally an indirect e
dence of a contribution to the linewidth broadening possi
due to stripelike charge inhomogeneities has been indic
as the possible source of the lack of a common spin temp
ture responsible for the stretched exponential character in
spin-lattice relaxation recovery.
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