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Pseudo-spin-gap and slow spin fluctuation in La2ÀxSrxCuO4 „xÄ0.13 and 0.18…
via 63Cu and 139La nuclear quadrupole resonance
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We analyzed nonexponential63Cu nuclear spin-lattice relaxation curves for63Cu-enriched high-Tc super-
conductors: La22xSrxCuO4 with x50.13 ~slightly underdoped! and 0.18~slightly overdoped!, and studied the
applicability of an impurity-induced nuclear spin-lattice relaxation theory. We found a remnant of pseudo-spin-
gap effect on the host63Cu nuclear spin-lattice relaxation time and slow inhomogeneous spin fluctuation via
the impurity-induced relaxation time. The effect of slow spin dynamics was also observed in139La nuclear
spin-lattice relaxation. The inhomogeneous electron-spin fluctuation, which is associated with randomly dis-
tributed staggered moments on the CuO2 plane, smears the pseudo-spin-gap. The fact that the optimalTc

;38 K is smaller thanTc;96 K of HgBa2CuO41d can be attributed to the depairing effect due to the slow
spin fluctuation.

DOI: 10.1103/PhysRevB.69.184503 PACS number~s!: 76.60.2k, 74.25.Nf, 74.72.Bk
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I. INTRODUCTION

Single-CuO2-layer superconductors La22xSrxCuO4

~LSCO, the optimalTc;38 K) had been thought to be
homogeneous electronic system. According to the super
ductivity theory based on antiferromagnetic sp
fluctuation,1,2 a small spin-fluctuation energy\G is respon-
sible for the fact that the optimalTc of LSCO is lower than
the other highTc(;100 K) systems. However, the discove
of charge-spin stripe correlation through a neutro
diffraction technique renewed our understanding of the e
tric or magnetic states of LSCO.3 A series of intensive
nuclear-magnetic-resonance~NMR! and nuclear quadrupol
resonance~NQR! studies revealed inhomogeneous electro
states both in static and dynamic response; widely distribu
spin-fluctuation energy, segregated electronic phases, an
glassy nature of charge-spin stripe ordering.4–20 Inelastic
neutron-scattering experiments showed that dynamical
susceptibilityx9(q,v) of the CuO2 plane possesses a com
plicated structure at low frequencies and a broad tail at h
frequencies over a hundred meV.21

Pseudo-spin-gap or pseudogap has been believed to b
key to understanding the mechanism of sup
conductivity.22–25 The normal-state gap effect on LSCO i
however, still controversial. A similar magnitude o
pseudogap in the electronic density of states (;30 meV) is
observed in photoemission spectra both for single-layer
perconductors, LSCO with the optimalTc;38 K ~Ref. 26!,
and HgBa2CuO42d ~Hg1201, the optimal Tc;96 K)
~Ref. 27!. In contrast, the pseudo-spin-gap effect on lo
energy magnetic excitation, which is measured from
nuclear spin-lattice relaxation rate 1/T1,28 is different be-
tween LSCO~Refs. 20 and 29! and Hg1201~Refs. 30 and
31!. The pseudo-spin-gap effect on 1/T1T (T is temperature!
is seen as the normal-state depression of 1/T1T aboveTc .22

For Hg1201, the pseudo-spin-gap temperatureTs , at which
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1/T1T starts to decrease, is;260 K for underdoped sample
(Tc;50 K) and;140 K for optimal and overdoped sample
(Tc;96–30 K). The signature of LSCO is, however, o
served only just aboveTc , i.e., Ts;45–50 K around the
optimally doped level.20,29The above-Tc pseudo-spin-gap ef
fect on x9(q,v), which is measured with an inelasti
neutron-scattering technique, seems to be different betw
the double-CuO2-layer YBa2Cu3O72d ~Y123 or YBCO!
Refs. 32 and 33 and the single-layer LSCO~Refs. 34 and
35!. There is no report on the neutron scattering for Hg12

Slow spin fluctuation with a frequencynslow(,kBT/h)
causes the depairing effect.1,36–38. The wipeout effect on
NMR/NQR spectrum, which indicates the existence of sl
fluctuation and an inhomogeneous electronic state, is
served in lightly doped LSCO~Refs. 8 and 39! as well as
Zn-substituted YBCO~Ref. 40!. Some phase fluctuation ef
fect will alter the electronic state over the whole dop
regions.41 Here we address the question of whether the sl
inhomogeneous spin fluctuation smears the pseudo-spin
or whether the magnetic excitation spectrum of LSCO
gapless. This question has long been sought by sev
authors.24,42,43

Nonexponential relaxation is commonly observed in d
ordered or inhomogeneous materials.44 For LSCO, the non-
exponential relaxation is observed in planar Cu nuclear s
lattice relaxation curves11,45,46 such as in-plane impurity-
doped Y123.47 The magnetic impurity-induced NMR
relaxation theory,48 which is based on the slow spin fluctua
tion and the wipeout effect, has successfully accounted
the nonexponential recovery curves in the impurity-dop
YBCO.49–51 However, to our knowledge, no one has ev
applied this model to the superconducting LSCO at arou
the optimally doped level. Diffraction techniques~neutron or
x-ray scatterings! are suitable for detecting a coherent moti
well defined by specific wave vectors in momentum spa
whereas a NMR/NQR technique is suited to detect an in
herent motion such as local magnetic or electric density
©2004 The American Physical Society03-1
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cillations in real space. Hence, the detailed analyses on
relaxation curves will help us to clarify the magnetic corr
lation in real space, which cannot easily be deduced eithe
diffraction methods or scanning tunneling spectroscopy.

In this paper, we measured Cu NQR nuclear spin-lat
relaxation of63Cu-enriched LSCO withx50.13~slightly un-
derdoped! and 0.18~slightly overdoped! ~Ref. 20! and stud-
ied the applicability of an impurity-induced NMR relaxatio
theory to LSCO. The63Cu isotope enrichment is useful fo
performing precise measurements in LSCO, which was
demonstrated in our previous report20 and later confirmed in
Refs. 8–11. In a model with randomly distributed impur
relaxation centers, a remnant of the pseudo-spin-gap aff
the host Cu nuclear spin-lattice relaxation rate; and sl
inhomogeneous spin dynamics affect the impurity-induc
Cu NQR relaxation rate. Incoherent spin fluctuation, wh
is a spatially inhomogeneous relaxation process, smears
pseudo-spin-gap effect on the low frequency spin dynam
We also found similar effects on139La nuclear spin-lattice
relaxation curves and the time constant139T1 . 139La NQR
can provide information on short63T1 signals in Cu NQR
spectrum, which was confirmed in Refs. 5,9,15–17. It c
interpolate63Cu NQR and muon spin relaxation. In gener
the nuclear spin-lattice relaxation timeT1 is expressed by an
electron-spin-fluctuation timete ,

1/T15A2
te

11~2pn reste!
2 , ~1!

whereA is a nuclear-electron coupling constant andn res is a
nuclear resonance frequency. This is based on
Bloembergen-Purcell-Pound model.52 Compared to the63Cu
nuclear moment,139La nuclear moment is a better probe f
detecting slow spin fluctuation on the CuO2 plane due to a
weak electron-nuclear coupling,139(1/T1)/63(1/T1);0.4
31024.9

II. EXPERIMENT

The powder samples employed in the present study
identical to those used in the previous study.20 The powders
were mixed with Stycast 1266 epoxy and magnetica
aligned along thec axis. The superconducting transition tem
peratures were measured with a superconducting quan
interference device~SQUID! magnetometer, andTc values
were ;36 K for x50.13 andTc;34 K for x50.18 in the
presence ofH5100 Oe. The normal-state uniform magne
susceptibility inH51 T measured with a SQUID magneto
meter was similar to that reported in Ref. 53. No Curie te
was observed.

A phase-coherent-type pulsed spectrometer was utilize
perform 63Cu and 139La NQR experiments. A spin-ech
p/2-p pulse sequence (p/2-t-p echo! was used to observ
the signal. The zero-field63Cu and 139La NQR frequency
spectra with quadruple detection were obtained by integ
tion of 63Cu and 139La nuclear spin echoes while changin
the frequency. A typical width of the first excitingp/2-pulse
tw was about 3ms ~the excited frequency regionn1
;83 kHz from 2pn1tw5p/2). Nuclear spin-lattice relax
18450
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ation curvesp(t)[12M (t)/M (`) ~recovery curves! were
measured by using an inversion recovery technique as fu
tions of time t after an inversion pulse, where the nucle
spin-echo amplitudeM (t), M (`)@[M (10T1)#, and t were
recorded.

The dependence of63Cu T1 on the pulse interval timet
was reported to beDT1;10% between t512 and
524 ms.11 63Cu recovery curves were measured att
512–18ms for x50.13 and att513–15ms for x50.18.
139La recovery curves were measured att531–35ms for
x50.13 and att528–35ms for x50.18. No appreciablet
dependence was observed within our experimental accur
We thus believe that the above change int leaves our con-
clusions unchanged.

III. RESULTS AND DISCUSSION

A. 63Cu NQR

1. Nonexponential Cu nuclear spin-lattice relaxation curve

When the nuclear spin-lattice relaxation timeT1 follows a
distribution function D(R)(R[1/T1), the nuclear spin-
lattice relaxation curvep(t) is expressed by

p~ t !5p~0!E
0

`

dRD~R!exp~2Rt! ~2!

with

E
0

`

dRD~R!51. ~3!

Here we assume narrow, broad, and heavy-tailed distr
tion functions forT1. Figures 1~a!–1~c! show three types of
D(R): ~a! a Gaussian distribution of

FIG. 1. Toy models of distribution functionD(R) with respect
to R[1/T1 ~left!; ~a! a Gaussian distribution,~b! a rectangular dis-
tribution, and~c! a heavy-tailed distribution leading to a stretch
exponential time function.~d! 63Cu nuclear spin-lattice relaxation
curve p(t) ~open circles! for Sr content ofx50.13 atT54.2 K.
The dotted, dashed, and solid curves are the least-squares fi
results using the distribution functions in~a!, ~b!, and ~c!, respec-
tively.
3-2
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D~R!5A2

p

1

RW
expS 2

1

2

~R2R1!2

RW
2 D , ~4!

~b! a rectangular distribution of

D~R!5H 1/RW R1<R<R11RW

0 R,R1 ,R11RW,R,
~5!

and~c! a heavy-tailed distribution, leading to a stretched e
ponential time function, of

D~R!5
ARW

2ApR3/2
expS 2

RW

4R
D . ~6!

Here, we define 1/T1[R1 and 1/t1[RW .
Substituting Eqs.~4!–~6! into Eq. ~2!, we obtain the ana-

lytical expressions of

p~ t !5p~0!e2R1t2(RWt)2
erfcS RWt2

R1

2RW
D Y erfcS 2

R1

2RW
D

~7!

for the Gaussian distribution of Eq.~4! @~a!#,

p~ t !5p~0!e2R1t~12e2RWt!/RWt ~8!

for the rectanglar distribution of Eq.~5! @~b!#, and

p~ t !5p~0!e2R1t2ARWt ~9!

for the heavy-tailed distribution of Eq.~6! @~c!#. In the case
of Eq. ~9!, p(0) in Eq. ~2! is replaced byp(0)e2R1t to in-
volve a central uniform relaxation process.54

All the distribution functions of Eqs.~4!–~6! and the time
developments of Eqs.~7!–~9! include the two time constant
of T1 andt1. The distribution functions of Eqs.~4! and ~5!
are characterized by finite moments of

^Rn&5E
0

`

dRRnD~R! ~n51,2, . . .!. ~10!

On the other hand, the first moment^R& of Eq. ~6! takes an
infinite value. Therefore, the heavy-tailed distribution of E
~6! may be calledLévy flights.55 Then, the time developmen
expression ofp(t) of Eq. ~9! is more convenient than th
distribution function of Eq.~6!. The analysis based on th
distribution functionD(R) is more convenient for a narrow
distribution around a central valueR1, that is,RW,R1. In
the patch model for carrier distribution in a broad Cu NQ
spectrum of LSCO,11 low-temperature deviation from
single exponential function is attributed to an overlapp
effect of the frequencies neighboringT1. Some distribution
functions can be introduced to account for a small deviat
of the recovery curve from a single exponential function. F
a large deviation, however, we will employ another model
Eq. ~9!. Figure 1~d! shows 63Cu nuclear spin-lattice relax
ation curvep(t) ~open circles! for the sample with Sr conten
of x50.13 at T54.2 K at a peak frequency ofn res
535.5 MHz. The dotted, dashed, and solid curves are
least-squares fitting results using Eqs.~7!–~9! with the dis-
18450
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tribution functions in~a!, ~b!, and ~c!, respectively. The fit-
ting parameters arep(0), R1, andRW .

The best fitting result was obtained with Eq.~9! of the
stretched exponential function. Equation~9! implies two re-
laxation processes:RW due to some ‘‘impurity’’ relaxation
centers randomly distributed on the CuO2 plane; andR1 due
to the host Cu~homogeneous! electron-spin fluctuations.48

Hereafter we callRW in Eq. ~9! an impurity-induced relax-
ation rate. Since no Curie term is observed in the unifo
spin susceptibility, the ‘‘impurity’’ moment is not due to a
external paramagnetic impurity in the CuO2 plane. Ran-
domly distributed staggered moments are assumed a
Refs. 17, 43, and 56.

2. Frequency-distributed Cu nuclear spin-lattice relaxation

Figure 2~a! shows the frequency dependence of the63Cu
nuclear spin-lattice relaxation63p(t) across the inhomoge
neously broadened63Cu NQR frequency spectrum for th
sample with Sr content ofx50.13 atT577 K. The strongly
frequency dependent63p(t) was first reported in Ref. 7. The
solid curves are the least-squares fitting results using Eq.~9!.
The fitting is reasonably good. Figure 2~b! shows the63Cu
NQR spectrum, and the estimated63(1/T1)host([R1/3) and
63(1/t1)([RW/3) as a function of frequencyn res . The nu-
merical factor of 3 was employed to conform to a conve
tional definition of T1.28 Figure 2~b! demonstrates that a
strong frequency dependence of the recovery curve res
from 63(1/t1) but not 63(1/T1)host. This is a significant con-
sequence from the analysis using Eq.~9!.

3. Two models

One may infer two models to account for the frequenc
distributed relaxation in a broad63Cu NQR spectrum. Figure
3 illustrates two models:~a! a ‘‘patch’’ model; and~b! a
charge-density oscillation model. In the patch model~a! for

FIG. 2. ~a! Frequency dependence of63Cu nuclear spin-lattice
relaxation curve63p(t) in a broad63Cu NQR spectrum for Sr con-
tent of x50.13 atT577 K. The solid curves are the least-squar
fitting results using Eq.~9! with fitting parameters63(t1) and
63(T1)host. ~b! The 63Cu NQR frequency spectrum for Sr content
x50.13 atT577 K and the estimated relaxation rates63(1/t1) and
63(1/T1)host at the respective frequencies. The main Cu NQR sp
trum around 35.5 MHz is calledA line. The small spectrum aroun
39 MHz is calledB line.
3-3
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the inhomogeneous hole distribution,8–11 a lower-frequency
side of the 63Cu NQR spectrum represents a smal
hole-doped region. Since the in-plane impurity effect is m
evident for less hole-doped YBCO~Ref. 51! and LSCO~Ref.
57!, one can expect that the ‘‘impurity’’ relaxation cente
enhance an impurity-induced relaxation rate63(1/t1) via A
andte in Eq. ~1! in a lower-frequency side more effective
than in a higher-frequency side. The other model~b! is for
randomly distributed impurity relaxation centers and rep
sents their induced charge density oscillations on the ho
geneous hole distribution. The lower frequency side of
63Cu NQR spectrum is assigned to a region closer to
‘‘impurity’’ relaxation centers that are associated with t
staggered moments. In this context, this model is consis
with that proposed in Ref. 18 and similar to that for the
neighbor Cu NQR in YBCO~Ref. 51!.

4. Temperature dependence of63
„1Õt1…: impurity-induced

relaxation

The temperature dependence of the Cu recovery cu
was also analyzed at representative frequencies for
samples withx50.13 and 0.18 by using Eq.~9!. The host Cu
nuclear spin-lattice relaxation rate63(1/T1)host and the
impurity-induced 63(1/t1) were estimated as a function o
temperature. Figure 4 shows the plot of63(1/t1) as a func-
tion of temperature at~a! a lower frequency of theA line, ~b!
the peak frequency of theA line, and~c! the peak frequency
of the B line.

First, all the 63(1/t1) curves show peak behavior abov
Tc . A similar temperature dependence of63(1/t1) for Zn
substituted Y123 has been analyzed based on
Bloembergen-Purcell-Pound model of Eq.~1!.58 We thus
analyzed63(1/t1) of LSCO with this model, which approxi
mates a part of the low-frequency dynamical spin susce
bility x9(q,v). For lightly doped LSCO, the peak behavi

FIG. 3. Schematic63Cu NQR spectrum and top views of CuO2

plane~a! and~b!. We tentatively divide the frequency spectrum in
A, B, andC regions. The hatched, shaded, dotted areas are ass
to the respective Cu NQR frequency regions. The small open cir
are impurity relaxation centers. Figure~a! illustrates the impurity
relaxation centers in the ‘‘patch’’ model. The lower-frequency
gions correspond to the poorer hole concentration regions,
thereby more impurity relaxation centers or more enhanced re
ation centers. Figure~b! illustrates the impurity relaxation centers
a charge-density oscillation model.
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of the stretched exponential relaxation rate of139La nuclear
spin-lattice relaxation is explained by an electron correlat
time te ,

te~T!5te~`!eJe f f /T, ~11!

where Je f f is an energy scale of the slow electron-sp
fluctuation spectrum, e.g., the spin freezing effect in two
mensional renormalized classical regime.9,12,13 When te(T)
for x50.13 and 0.18 increases with decreasing temperat
the peak is observed in63(1/t1) at te(T)51/2p63n res .

Second, the peak temperatureTpeak is slightly dependent
on the frequency, i.e.,Tpeak decreases from;77 K to
;40 K with increasing frequency both for the samples w
x50.13 and 0.18. This is not explained in the frame of t
above uniform Bloembergen-Purcell-Pound model, wh
Tpeak should move to a higher value at high frequencies
nonuniform Bloembergen-Purcell-Pound model must then
introduced.

If one assumes that bothte(`,n res) andJe f f(n res) in Eq.
~11! increase with decreasingn res , the frequency depen
dence of the peak temperatureTpeak will be reproduced. The
‘‘impurity’’ spin correlation timete(T,n res) is distributed in
a broad63Cu NQR spectrum. The lower-frequency region
the broad Cu NQR spectrum, i.e., the hole-poor region in
patch model,8,9 must exhibit slow spin fluctuation. Thus, th
frequency dependence of the peak temperatureTpeak is con-
sistent with the patch model for the hole distribution. Ho
ever, we do not discard the charge-density oscillation mo
with the staggered moments for the inhomogeneous hole
tribution.

ed
es

-
nd
x-

FIG. 4. Temperature dependence of63(1/t1) in a broad Cu NQR
spectrum:~a! a lower frequency of theA line, ~b! the peak fre-
quency of theA line, and~c! the peak frequency of theB line.
3-4
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Third, the frequency dependence of63(1/t1) is more re-
markable for the sample withx50.13 than forx50.18. This
is consistent with the fact that the frequency dependenc
63t1 is more remarkable in less doped YBCO.51 Thus, the
temperature dependence~below about 150 K! of the inhomo-
geneous electronic state in Ref. 11 can be attributed to
impurity-induced relaxation on the inhomogeneous hole d
tribution.

5. Temperature dependence of63
„1ÕT1T…host : pseudo-spin-gap

in host magnetic excitation

Figure 5 shows the plot of63(1/T1T)host as a function of
temperature for~a! x50.13 and ~b! 0.18. For reference
63(1/T1T) of Hg1201 withTc596 K is also plotted in the
figure.30 It is notable that the pseudo-spin-gap is clearly o
served in63(1/T1T)host.

FIG. 5. Temperature dependence of the host63Cu nuclear spin-
lattice relaxation rate63(1/T1T)host for ~a! x50.13 and ~b! x
50.18. For reference,63(1/T1T) of the optimally doped Hg1201
(Tc596 K) is also shown in the figure. The pseudo-spin-gap
havior is seen atTs;130 K for x50.13 and at;90 K for x
50.18.
et

s
ti
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With lowering temperature,63(1/T1T)host increases due
to antiferromagnetic spin fluctuation and takes a maxim
value at a pseudo-spin-gap temperatureTs;130 K for x
50.13 and;90 K for x50.18. Unfortunately, the frequenc
dependence ofTs in the Cu NQR spectrum is not obviou
with accuracy of our experiment. As the temperature is f
ther decreased,63(1/T1T)host takes a minimum atTmin
;90 K for x50.13 and at;60 K for x50.18; and thereaf-
ter increases again down toTc . Below Tc , 63(1/T1T)host
rapidly decreases due to the opening of the superconduc
gap. The upturn of63(1/T1T)host below Tmin suggests the
presence of a gapless mode in a homogeneous magneti
citation. Its origin is not clear but it surely smears th
pseudo-spin-gap.

B. 139La NQR

1. 139La nuclear spin-lattice relaxation curves

The 139La nuclear spin-lattice relaxation curves we
measured at the peak frequencies of the highest trans
lines (I z567/2↔65/2 of nuclear spinI 57/2) of 139La
NQR spectra forx50.13 and 0.18.59,60

Several functions for the analysis of the experimental
covery curves of139La NQR (I 57/2) are proposed.9,17,61To
conform to the above analysis of63Cu NQR recovery curve,
we analyzed the139La NQR recovery curve as follows
Equation~9! for the 63Cu recovery curve63p(t) is rewritten
by

63p~ t !5p~0!H e2ARWt, t!RW /R1
2

e2R1t, t@RW /R1
2 .

~12!

On this analogy, we analyzed the139La NQR recovery curve
139p(t) at the highest-frequency transition line (I z
57/2↔5/2) by

-

139p~ t !5p~0!H e2ARWt, RWt,1

3

7
e23R1t1

100

77
e210R1t1

3

11
e221R1t, 21R1t.1.

~13!
n

the
are

l

ial

cts
The stretched exponential function of139p(t) originates from
the mechanism similar to that of63p(t). The multiexponen-
tial recovery curve of Eq.~13! is a theoretical solution to the
rate equations with homogeneous, single magn
relaxation.9,62

Figure 6 shows139La NQR recovery curves139p(t) at the
peak frequency of 18.33 MHz forx50.18. The solid and the
dashed curves are the respective least-squares fitting re
using the stretched exponential and the multiexponen
functions of Eq.~13!. Logarithmicp(t) versust plots are for
the recovery curves in longert, andp(t) versus logarithmict
ic

ults
al

plots are for those in shortert. In Fig. 6, the dashed curves i
the left panel are the fitting results for the data int,2 s,
whereas that in the right panel is the fitting curve int
.2 s. It should thus be noted that the dashed curves in
left and the right panels are different. The solid curves
not plotted in the right panel of Fig. 6.

At low temperatures belowTc , the stretched exponentia
function is a better fit to139p(t) in shortert, rather than the
multiexponential function. In contrast, the multiexponent
function well fit 139p(t) in the whole t range aboveTc .
Thus, the slow, inhomogeneous spin fluctuation also affe
3-5



e

g
ed

of

in

ur
re

sts

t

of

the
and

.

tes
re-

nt

1 or
-
the
he

g
Eq

th
t

O

in-
d the
t the

.

ro-
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the low temperature139La nuclear spin-lattice relaxation. W
could not confirm the frequency dependence of139p(t) in the
broad 139La NQR spectra.

2. 139t1 and 139
„T1…

Figure 7 shows the plot of 139(1/t1)([RW) and
139(1/T1)([R1) estimated by using Eq.~13!. For compari-
son, the 139(1/t1) of lightly doped, nonsuperconductin
LSCO with x50.018 is also plotted using the data report
in Ref. 13.

Below Tc , 139(1/T1) rapidly decreases due to opening
the superconducting gap, which is consistent with the63Cu
NQR results. The magnitude of139(1/t1) decreases fromx
50.018 to 0.13 and further to 0.18, being qualitatively
agreement with the previous observations.5,61 For x50.13,
139(1/t1) moderately increases with decreasing temperat
while for x50.18 it is nearly independent of temperatu

FIG. 6. 139La nuclear-spin-lattice relaxation curves139p(t) for
Sr content ofx50.18 atT54.2 K, 20 K and 77 K;p(t) vs loga-
rithmic t plots~left! and logarithmicp(t) vs t plots~right!. The solid
and the dashed curves are the least-squares fitting results usin
stretched exponential and the multiexponential functions of
~13!, respectively. The stretched exponential functions~solid
curves! are not plotted in the right panel. The dashed curves in
left panel are the fitting results fort,2 s, whereas that in the righ
panel is fort.2 s.

FIG. 7. Temperature dependence of139La nuclear spin-lattice
relaxation rates139(1/t1) and 139(1/T1)host for x50.13 and 0.18.
For reference,139(1/t1) of lightly doped, nonsuperconductor LSC
with x50.018 is reproduced from Ref. 13. The arrow (⇓) indicates
the direction of change with Sr doping.
18450
e,
.

The low temperature increase of139(1/t1) for x50.018 is
explained in terms of the spin freezing effect, which coexi
with superconductivity for 0.06,x,0.125.12,13,15–17 The
moderate increase of139(1/t1) for x50.13 may be a remnan
of such a spin freezing effect.

The behavior of139(1/t1) below Tc is different from that
of 63(1/t1). One may regard the peak temperature
139(1/t1) as 139Tpeak,4.2 K. Since the 139La NQR fre-
quency139n res is totally lower than the63Cu NQR frequency
63n res , the spin fluctuation via the139La NQR is slower than
that via the 63Cu NQR. From 139Tpeak, 4.2 K ,63Tpeak
(;77 K), we obtain (2p139n res)

21.te(4.2 K) and
(2p63n res)

215te(T;77 K). If one assumes Eq.~11! for x
50.13 and 0.18, then 63n res535 MHz and 139n res
518 MHz lead to 0,Je f f,2.9 K. The smallJe f f is consis-
tent with the result in Ref. 12.

C. Magnetic phase diagram

Figure 8 is the magnetic phase diagram constructed on
basis of the experimental results obtained in the present
the previous studies.8,63 Tc ~squares! and the Cu NQR wipe-
out temperaturesTNQR ~circles! are reproduced from Ref. 8
The crossover temperaturesTf ~crosses!, where the time de-
pendence of zero-field muon spin asymmetry first devia
from Gaussian behavior due to the slow fluctuation, are
produced from Ref. 63. The triangular symbols ofTc , Ts ,
Tmin , and Tpeak are for the data obtained in the prese
work.

The pseudo-spin-gap temperaturesTs of LSCO lie on the
same order of magnitude as the other cuprates Hg120
YBCO. Forx,0.13, according to Ref. 8, the slow, inhomo
geneous fluctuation affects the Cu spin dynamics on
whole CuO2 planes and induce a large wipeout effect on t
Cu NQR spectrum belowTNQR. For x>0.13, our results

the
.

e

FIG. 8. Magnetic phase diagram of LSCO with the pseudo-sp
gap effect constructed based on the data in the present work an
wipeout effect in Ref. 8. The characteristic temperatures agains
Sr contentx or hole concentration.Tc ~squares! and the Cu NQR
wipeout temperaturesTNQR ~circles! are reproduced from Ref. 8
The crossover temperaturesTf ~crosses!, which is the onset of de-
viation of muon spin relaxation from Gaussian behavior, are rep
duced from Ref. 63.Tc , Ts , Tmin , andTpeak ~triangles! are defined
in Figs. 4 and 5.
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indicate that the moderate slow, inhomogeneous fluctua
still exists and affects the nuclear spin-lattice relaxat
aroundTpeak but induces no appreciable wipeout effect.
low temperatures, the fluctuation slows down sufficiently
enter the time scale of the muon probe and to yield a
muon relaxation belowTf .63 The slow fluctuation below
Tpeak smears the pseudo-spin-gap. The unknown, gap
mode belowTmin , which also masks the pseudo-spin-ga
may be a remnant of charge-spin stripe fluctuation. The s
inhomogeneous fluctuation atTpeak around the optimally
doped region are the characteristics of the magnetic ph
diagram of LSCO, which contrasts with those of Hg1201 a
YBCO. Thus, one reason why the optimalTc of LSCO is
lower than those of Hg1201 and YBCO is attributable to
depairing effect of the slow, inhomogeneous fluctuation.

The recent inelastic neutron scattering measurement
x9(q,v) of LSCO indicate a threshold energy gapEg
;4 meV and a small peak at;6 meV aboveTc ,34 which
are different from the pseudo-spin-gap effect onx9(q,v) of
Y123.32 The impurity-induced relaxation theory is crucial
deducing the pseudo-spin-gap behavior from the original
laxation data. Since we assume that the impurity-indu
relaxation of LSCO is similar to that of Zn substitute
YBCO, the low temperature peak around 6 meV in LSC
S
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T.
e
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Re

.R

C

18450
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n
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-
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~Ref. 34! will correspond to the in-gap state at the antiferr
magnetic wave vector, around 6 or 9 meV in Zn-substitu
Y123 ~Refs. 64 and 65!. The randomly distributed, slow
staggered moments on the CuO2 plane are theoretically
proposed.43,56,66,67

IV. CONCLUSION

From the analyses of63Cu and 139La nuclear spin-lattice
relaxation curves for LSCO, we found a remnant of t
pseudo-spin-gap effect, comparable to Hg1201, and a s
spin fluctuation effect. This slow spin-fluctuation originat
from a remnant of the spin freezing effect or the wipeo
effect, which is more remarkable in less doped samples. R
domly distributed staggered moments with slow fluctuat
may be responsible for the fact that LSCO exhibits relativ
lower Tc than Hg1201.
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