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We analyzed nonexponenti&fCu nuclear spin-lattice relaxation curves fiCu-enriched highF, super-
conductors: La ,Sr,CuQ, with x=0.13(slightly underdopedand 0.18(slightly overdopeyl and studied the
applicability of an impurity-induced nuclear spin-lattice relaxation theory. We found a remnant of pseudo-spin-
gap effect on the hos®Cu nuclear spin-lattice relaxation time and slow inhomogeneous spin fluctuation via
the impurity-induced relaxation time. The effect of slow spin dynamics was also observétLinnuclear
spin-lattice relaxation. The inhomogeneous electron-spin fluctuation, which is associated with randomly dis-
tributed staggered moments on the Gufdane, smears the pseudo-spin-gap. The fact that the oplipal
~38 K is smaller tharT.~96 K of HgBgCuO, . s can be attributed to the depairing effect due to the slow
spin fluctuation.
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. INTRODUCTION 1/T,T starts to decrease, 5260 K for underdoped samples
(T.~50 K) and~ 140 K for optimal and overdoped samples
Single-CuQ-layer  superconductors  La,Sr,CuQ, (T.~96-30 K). The signature of LSCO is, however, ob-
(LSCO, the optimalT.~38 K) had been thought to be a served only just abovd., i.e., Ts~45-50 K around the
homogeneous electronic system. According to the supercomptimally doped levet®?°The aboveF, pseudo-spin-gap ef-
ductivity theory based on antiferromagnetic spinfect on x”(q,w), which is measured with an inelastic
fluctuation™? a small spin-fluctuation energyl’ is respon- neutron-scattering technique, seems to be different between
sible for the fact that the optimdl, of LSCO is lower than the double-Cu@layer YBgCyO; 5 (Y123 or YBCO

; N ; Refs. 32 and 33 and the single-layer LSCRefs. 34 and
the other hlghTC( 10.0 K) system;. However, the discovery 35). There is no report on the neutron scattering for Hg1201.
of charge-spin stripe correlation through a neutron-

. . . . Slow spin fluctuation with a frequencygo(<kgT/h)
dl_ffractlon techr_uque renewed our unders_tandlng_ of the_z elecéauses the depairing efféct®=3® The wipeout effect on
tric or magnetic states of LSCOA series of intensive

| . q | d | NMR/NQR spectrum, which indicates the existence of slow
nuclear-magnetic-resonan@MR) and nuclear quadrupole g,cation and an inhomogeneous electronic state, is ob-
resonancéNQR) studies revealed inhomogeneous electronicgapyed in lightly doped LSCQRefs. 8 and 3pas well as

states both in static and dynamic response; widely distributegt,_ g pstituted YBCQRef. 40. Some phase fluctuation ef-
spin-fluctuation energy, segregated electronic phases, and thet will alter the electronic state over the whole doped
glassy nature of charge-spin stripe orderii Inelastic  regions®! Here we address the question of whether the slow,
neutron-scattering experiments showed that dynamical spiimhomogeneous spin fluctuation smears the pseudo-spin-gap
susceptibilityx”(q,w) of the CuQ plane possesses a com- or whether the magnetic excitation spectrum of LSCO is
plicated structure at low frequencies and a broad tail at higigapless. This question has long been sought by several
frequencies over a hundred méV. authorg?442:43

Pseudo-spin-gap or pseudogap has been believed to be theNonexponential relaxation is commonly observed in dis-
key to understanding the mechanism of superordered or inhomogeneous materiigsor LSCO, the non-
conductivity?”"** The normal-state gap effect on LSCO is, exponential relaxation is observed in planar Cu nuclear spin-
however, still controversial. A similar magnitude of |attice relaxation curvé$*®*® such as in-plane impurity-
pseudogap in the electronic density of states30 meV) is  doped Y123 The magnetic impurity-induced NMR
observed in photoemission spectra both for single-layer suelaxation theory® which is based on the slow spin fluctua-
perconductors, LSCO with the optimal~38 K (Ref. 28,  tion and the wipeout effect, has successfully accounted for
and HgBaCuQ,_; (Hgl1201, the optimal T,~96 K)  the nonexponential recovery curves in the impurity-doped
(Ref. 27. In contrast, the pseudo-spin-gap effect on low-YBCO.*->! However, to our knowledge, no one has ever
energy magnetic excitation, which is measured from Cuapplied this model to the superconducting LSCO at around
nuclear spin-lattice relaxation rateT4/*® is different be-  the optimally doped level. Diffraction techniquéseutron or
tween LSCO(Refs. 20 and 2Pand Hg1201(Refs. 30 and x-ray scatteringsare suitable for detecting a coherent motion
31). The pseudo-spin-gap effect orT1T (T is temperature  well defined by specific wave vectors in momentum space,
is seen as the normal-state depression & TL/aboveT;.??>  whereas a NMR/NQR technique is suited to detect an inco-
For Hg1201, the pseudo-spin-gap temperaflye at which  herent motion such as local magnetic or electric density os-
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cillations in real space. Hence, the detailed analyses onthc [ — t — 1 T
relaxation curves will help us to clarify the magnetic corre-
lation in real space, which cannot easily be deduced either by

diffraction methods or scanning tunneling spectroscopy.

In this paper, we measured Cu NQR nuclear spin-lattice

relaxation of®3Cu-enriched LSCO withx=0.13(slightly un-
derdoped and 0.18(slightly overdopedl (Ref. 20 and stud-
ied the applicability of an impurity-induced NMR relaxation
theory to LSCO. The®Cu isotope enrichment is useful for

performing precise measurements in LSCO, which was first

demonstrated in our previous rep8rand later confirmed in

Refs. 8—11. In a model with randomly distributed impurity
relaxation centers, a remnant of the pseudo-spin-gap affect
the host Cu nuclear spin-lattice relaxation rate; and slow,

inhomogeneous spin dynamics affect the impurity-induced o ) )
h FIG. 1. Toy models of distribution functioB (R) with respect

ﬁ R=1/T, (left); (a) a Gaussian distributiorih) a rectangular dis-

Cu NQR relaxation rate. Incoherent spin fluctuation, whic

is a spatially inhomogeneous relaxation process, smears t
pseudo-spin-gap effect on the low frequency spin dynamic

We also found similar effects oA*®La nuclear spin-lattice
relaxation curves and the time constditT;. 3%a NQR
can provide information on shof®T; signals in Cu NQR

interpolate®3Cu NQR and muon spin relaxation. In general,
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ribution, and(c) a heavy-tailed distribution leading to a stretched
exponential time function(d) ®3Cu nuclear spin-lattice relaxation
curve p(t) (open circley for Sr content ofx=0.13 atT=4.2 K.

The dotted, dashed, and solid curves are the least-squares fitting

. ; . results using the distribution functions {a), (b), and(c), respec-
spectrum, which was confirmed in Refs. 5,9,15-17. It canyeyy,

the nuclear spin-lattice relaxation ting is expressed by an  iion curvesp(t)=1—M(t)/M(x) (recovery curveswere
measured by using an inversion recovery technique as func-
tions of timet after an inversion pulse, where the nuclear
spin-echo amplitud®(t), M()[=M(10T,)], andt were

electron-spin-fluctuation time,,

Te

_ A2
1T =A 1+(277Vres7'e)2’

@

whereA is a nuclear-electron coupling constant ang is a

nuclear resonance frequency. This is based on the:24,us.

Bloembergen-Purcell-Pound mod8iCompared to thé*Cu

nuclear moment!*3La nuclear moment is a better probe for

detecting slow spin fluctuation on the Cu@lane due to a
weak electron-nuclear coupling®*%(1/T,)/%3(1/T,)~0.4
x1074.°

II. EXPERIMENT

The powder samples employed in the present study are

identical to those used in the previous stddfhe powders

recorded.

The dependence dfCu T, on the pulse interval time

was

reported to beAT;~10%
11 83Cu recovery curves were measured at

between r=12 and

=12-18us for x=0.13 and atr=13-15us for x=0.18.
139 a recovery curves were measuredrat 31-35us for
x=0.13 and atr=28-35us for x=0.18. No appreciable
dependence was observed within our experimental accuracy.
We thus believe that the above changeriteaves our con-

clusions unchanged.

A. %%Cu NOQR

were mixed with Stycast 1266 epoxy and magnetically

aligned along the axis. The superconducting transition tem-
peratures were measured with a superconducting quantum

interference devicéSQUID) magnetometer, andi; values
were ~36 K for x=0.13 andT.~34 K for x=0.18 in the

was observed.

A phase-coherent-type pulsed spectrometer was utilized to.

perform ®3Cu and *%.a NQR experiments. A spin-echo
7/2-7 pulse sequencen(2-m-7 echg was used to observe
the signal. The zero-fiel#3Cu and *¥.a NQR frequency

spectra with quadruple detection were obtained by integra-
tion of 83Cu and **%La nuclear spin echoes while changing

the frequency. A typical width of the first exciting/2-pulse
ty was about 3us (the excited frequency region,
~83 kHz from 2wy t,= w/2). Nuclear spin-lattice relax-

III. RESULTS AND DISCUSSION

1. Nonexponential Cu nuclear spin-lattice relaxation curve

When the nuclear spin-lattice relaxation tifigfollows a

distribution function D(R)(R=1/T;), the nuclear spin-

with

f:dRD(R)zl.

) . lattice relaxation curvep(t) is expressed by
presence oH=100 Oe. The normal-state uniform magnetic

susceptibility inH=1 T measured with a SQUID magneto-

meter was similar to that reported in Ref. 53. No Curie term p(t):p(O)f dRD(R)exp —RY)
0

@

©)

Here we assume narrow, broad, and heavy-tailed distribu-
tion functions forT,. Figures 1a)—1(c) show three types of
D(R): (@) a Gaussian distribution of
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R _\F 1 1 (R-R;)? y
(b) a rectangular distribution of
bR 1Ry R;=RsR;+Ry
R=1y R<R;,R;+Ry<R, ©

and(c) a heavy-tailed distribution, leading to a stretched ex-

ponential time function, of

~ VRw Rw
D(R)—m ex —E (6)

Here, we define T/,=R; and 1 =Ry.
Substituting Eqs(4)—(6) into Eg.(2), we obtain the ana-
lytical expressions of

R R
= ~Rut=(Rt)? - _ 1
p(t)=p(0)e "1 t"w erfc( Rt 2RW) / erfc( ZRW)
%
for the Gaussian distribution of E®) [(a)],

p(t)=p(0)e” R (1—e Fw)/Ryt (8

for the rectanglar distribution of E@5) [(b)], and
p(t)=p(0)e~Rat~VRul ©)

for the heavy-tailed distribution of Eq6) [(c)]. In the case
of Eq. (9), p(0) in Eq. (2) is replaced byp(0)e R to in-
volve a central uniform relaxation proce¥s.

All the distribution functions of Eq94)—(6) and the time
developments of Eq$7)—(9) include the two time constants
of T, and 7;. The distribution functions of Eq$4) and (5)
are characterized by finite moments of

(R”)=f:dRR‘D(R) (n=1,2,...). (10)

On the other hand, the first momgiR) of Eq. (6) takes an
infinite value. Therefore, the heavy-tailed distribution of Eq.
(6) may be called_éevy flights® Then, the time development
expression ofp(t) of Eq. (9) is more convenient than the
distribution function of Eq.6). The analysis based on the
distribution functionD(R) is more convenient for a narrow
distribution around a central valug;, that is,Ry<R;. In
the patch model for carrier distribution in a broad Cu NQR
spectrum of LSCG3! low-temperature deviation from a

single exponential function is attributed to an overlapping

effect of the frequencies neighborifig. Some distribution

functions can be introduced to account for a small deviation

of the recovery curve from a single exponential function. Fo

Eq. (9). Figure 1d) shows %3Cu nuclear spin-lattice relax-
ation curvep(t) (open circlegfor the sample with Sr content
of x=0.13 at T=4.2K at a peak frequency of, .
=35.5 MHz. The dotted, dashed, and solid curves are th
least-squares fitting results using E¢#—(9) with the dis-

/
a large deviation, however, we will employ another model of
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FIG. 2. (a) Frequency dependence BiCu nuclear spin-lattice
relaxation curve®®p(t) in a broad®3Cu NQR spectrum for Sr con-
tent of x=0.13 atT=77 K. The solid curves are the least-squares
fitting results using Eq.(9) with fitting parameters®(r;) and
5T )nost- (0) The 83Cu NQR frequency spectrum for Sr content of
x=0.13 atT=77 K and the estimated relaxation raf61/r;) and
83(1/T ) host at the respective frequencies. The main Cu NQR spec-
trum around 35.5 MHz is called line. The small spectrum around
39 MHz is calledB line.

tribution functions in(a), (b), and(c), respectively. The fit-
ting parameters arp(0), R;, andRy.

The best fitting result was obtained with E®) of the
stretched exponential function. Equati@) implies two re-
laxation processesR,, due to some “impurity” relaxation
centers randomly distributed on the Cu@lane; andRr; due
to the host Cu(homogeneoyselectron-spin fluctuatiorf$.
Hereafter we calRy, in Eg. (9) an impurity-induced relax-
ation rate. Since no Curie term is observed in the uniform
spin susceptibility, the “impurity” moment is not due to an
external paramagnetic impurity in the Cu@®lane. Ran-
domly distributed staggered moments are assumed as in
Refs. 17, 43, and 56.

2. Frequency-distributed Cu nuclear spin-lattice relaxation

Figure 2a) shows the frequency dependence of fiéu
nuclear spin-lattice relaxatiofi’p(t) across the inhomoge-
neously broadened3Cu NQR frequency spectrum for the
sample with Sr content of=0.13 atT=77 K. The strongly
frequency dependerffp(t) was first reported in Ref. 7. The
solid curves are the least-squares fitting results using%qg.
The fitting is reasonably good. Figuréb? shows the®3Cu
NQR spectrum, and the estimaté{1/T,)n,s(=R;/3) and
83(1/7,)(=Rw/3) as a function of frequency,ss. The nu-
merical factor of 3 was employed to conform to a conven-
tional definition of T;.?% Figure 2b) demonstrates that a
strong frequency dependence of the recovery curve results
from %3(1/r;) but not 3(1/T;) <. This is a significant con-
sequence from the analysis using E9).

3. Two models

One may infer two models to account for the frequency-
distributed relaxation in a broa®Cu NQR spectrum. Figure
8 illustrates two models(a) a “patch” model; and(b) a
charge-density oscillation model. In the patch mo@elfor
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FIG. 3. Schemati®®Cu NQR spectrum and top views of C4O 4 Fo 2: : O() 100 200 300
plane(a) and(b). We tentatively divide the frequency spectrum into =t f +OO 0 4
A, B, andC regions. The hatched, shaded, dotted areas are assigned ©~ [ | [ %® ,° 35.45 MHz (x=0.13)
to the respective Cu NQR frequency regions. The small open circles T 23 RS % 36.3 MHz (x=0.18)
are impurity relaxation centers. Figufe) illustrates the impurity © r . 00 100 200 300
relaxation centers in the “patch” model. The lower-frequency re- -
gions correspond to the poorer hole concentration regions, and F © 38.8 MHz (x=0.13)
thereby more impurity relaxation centers or more enhanced relax- o) 8 39.0 MHz (x=0.18)
ation centers. Figuréb) illustrates the impurity relaxation centers in 0
. o 0 1 200 300
a charge-density oscillation model. T (K)

. e qg FIG. 4. Temperature dependence®dfl/r;) in a broad Cu NQR
the inhomogeneous hole distributidnt! a lower-frequency spectrum:(a) a lower frequency of th line, (b) the peak fre-

side of the 63,Cu N,QR spe_ctrum r?preS?mS a S_ma"erquency of theA line, and(c) the peak frequency of the line.
hole-doped region. Since the in-plane impurity effect is more

evident for less hole-doped YBC@®ef. 51 and LSCO(Ref. . .

57), one can expect that the “impurity” relaxation centers Of _the s'gretched e>_<p0r_1ent|al r_elaxat|0n rate’®lLa nuclear _
and 7, in Eq. (1) in a lower-frequency side more effectively tme 7e,

than in a higher-frequency side. The other modglis for
randomly distributed impurity relaxation centers and repre-
sents their induced charge density oscillations on the homo-
geneous hole distribution. The lower frequency side of the
%3Cu NQR spectrum is assigned to a region closer to th
“impurity” relaxation centers that are associated with the
staggered moments. In this context, this model is consiste
with that proposed in Ref. 18 and similar to that for the Zn
neighbor Cu NQR in YBCQRef. 5J).

7e(T) = 7e( ) €717, 11
here Jo¢; is an energy scale of the slow electron-spin-
luctuation spectrum, e.g., the spin freezing effect in two di-
ensional renormalized classical regifié:**When .(T)
or x=0.13 and 0.18 increases with decreasing temperature,
the peak is observed iff(1/7;) at 74(T) = 1/27%%p, .
Second, the peak temperaturg, . is slightly dependent
on the frequency, i.e.Tpcax decreases from~77 K to
~40 K with increasing frequency both for the samples with
x=0.13 and 0.18. This is not explained in the frame of the
The temperature dependence of the Cu recovery curvabove uniform Bloembergen-Purcell-Pound model, where
was also analyzed at representative frequencies for th€,.,, should move to a higher value at high frequencies. A
samples wittk=0.13 and 0.18 by using E¢Q). The host Cu  nonuniform Bloembergen-Purcell-Pound model must then be
nuclear spin-lattice relaxation rat€(1/T;),,s; and the introduced.
impurity-induced 83(1/7,) were estimated as a function of  If one assumes that both(«,v,.9 andJgsi(vres in EQ.
temperature. Figure 4 shows the plot &1/7;) as a func- (11) increase with decreasing,es, the frequency depen-
tion of temperature &) a lower frequency of thé line, (b)  dence of the peak temperatuFg,, Will be reproduced. The
the peak frequency of th& line, and(c) the peak frequency “impurity” spin correlation time 7(T, v,c¢) is distributed in
of the B line. a broad®3Cu NQR spectrum. The lower-frequency region in
First, all the ®3(1/7;) curves show peak behavior above the broad Cu NQR spectrum, i.e., the hole-poor region in the
Tc. A similar temperature dependence ${1/r;) for Zzn  patch modef;® must exhibit slow spin fluctuation. Thus, the
substituted Y123 has been analyzed based on thiequency dependence of the peak temperalyggy is con-
Bloembergen-Purcell-Pound model of E(1).®8 We thus sistent with the patch model for the hole distribution. How-
analyzed®3(1/r,) of LSCO with this model, which approxi- ever, we do not discard the charge-density oscillation model
mates a part of the low-frequency dynamical spin susceptiwith the staggered moments for the inhomogeneous hole dis-
bility x”(q,w). For lightly doped LSCO, the peak behavior tribution.

4. Temperature dependence 8%(1/7,): impurity-induced
relaxation
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underdoped x=0.13 (T,~34K)  overdoped x=0.18 (T~36 K) With lowering temperature®3(1/T;T) o5 increases due
Lo [ sovm || ¢ T O 35.0 Mz to antiferromagnetic spin fluctuation and takes a maximum
20 VoA asasmef LS ® 363 MHz value at a pseudo-spin-gap temperatiige-130 K for x
~ I & 4} vV _388MHz [[ 6++$ O 39.0 MHz =0.13 and~90 K for x=0.18. Unfortunately, the frequency
. 4 % ++ Lo + ++ dependence of ¢ in the Cu NQR spectrum is not obvious
% [ * #W *ele} . : :q>++ E)J 'c.fc’g . with accuracy of our experiment. As the temperature is fur-
bt Te T . [ #. % ‘ ther decreased®(1/T;T)os takes a minimum aftT i,
E [ AP ~90 K for x=0.13 and at~60 K for x=0.18; and thereaf-
- | 4; . @ I $] . ®) ter increases again down fB.. Below T¢, (/T T)host
CAL F g " rapidly decreases due to the opening of the superconducting
* Hgl201 (T=96 K)| ﬂ_-' » Hg1201 (T=96 K)| gap. The upturn off3(1/T;T) o< below T, SUggests the
00 oo - o 0 1(')02(')03(')0 presence of a gapless mode in a homogeneous magnetic ex-

T (K) TK) citation. Its origin is not clear but it surely smears the
pseudo-spin-gap.
FIG. 5. Temperature dependence of the H36w nuclear spin-

lattice relaxation rate®¥(1/T;T),,s; for (@ x=0.13 and(b) x

13
=0.18. For reference®¥(1/T,T) of the optimally doped Hg1201 B. ¥La NQR
(TC_: 9§ K) is also shown in the figure. The pseudo-spin-gap be- 1. 139 a nuclear spin-lattice relaxation curves
havior is seen aff;~130 K for x=0.13 and at~90 K for x 13 ) ) ]
-0.18. The %a nuclear spin-lattice relaxation curves were

measured at the peak frequencies of the highest transition

. _ . _ 13
Third, the frequency dependence {1/7,) is more re- IN€s (,=£7/2-=5/2 of nuclear spinl =7/2) of La

— 9,60
markable for the sample with=0.13 than forx=0.18. This NQSR speclt][a fon_x—O.f13 e;}nd 0_1Ié, i of th . |
is consistent with the fact that the frequency dependence of evera “”Ct;l%';f (')\lr tRe IaEE;/yZSIS of the eXp%ng-Fa e
63, is more remarkable in less doped YBEBThus, the ~COVErY curves ofLa NQR (= 7/2) are proposed.”""To
temperature dependenggelow about 150 Kof the inhomo- conform to the above analysis 6fCu NQR recovery curve,

13
geneous electronic state in Ref. 11 can be attributed to thy® analyzed the “a NQR recovery curve as follows.

. 63 3 . .
impurity-induced relaxation on the inhomogeneous hole disjs;quatlon(Q) for the ®*Cu recovery curvép(t) is rewritten

tribution.

5. Temperature dependence 8%(1/T,T)post: PSeudo-spin-gap -

e Rwt  t<R,/R?
in host magnetic excitation 83p(t)=p(0) . v

’ 12
: 2 : Rt >Ry /R2. 12
Figure 5 shows the plot of¥(1/T;T)},,s: @s a function of

temperature for(a) x=0.13 and(b) 0.18. For reference,
83(1/T,T) of Hg1201 withT,=96 K is also plotted in the On this analogy, we analyzed tH&%.a NQR recovery curve

figureZ° It is notable that the pseudo-spin-gap is clearly ob-*%(t) at the highest-frequency transition linel, (

served in®3(1/T;T)host- =7/25/2) by
e \/R—Wt, R\Nt< 1
139 4\ —
PO=p(0) §e*3'F*1t+ l—OoeflothJr %e*mﬂ, 21IRt>1. 13

7 77

The stretched exponential function 5p(t) originates from  plots are for those in shortérin Fig. 6, the dashed curves in

the mechanism similar to that 8fp(t). The multiexponen- the left panel are the fitting results for the datati?2 s,

tial recovery curve of Eq(13) is a theoretical solution to the whereas that in the right panel is the fitting curve tin

rate equations with homogeneous, single magnetic>2 s. It should thus be noted that the dashed curves in the

relaxation®62 left and the right panels are different. The solid curves are
Figure 6 shows™%.a NQR recovery curve$®p(t) atthe  not plotted in the right panel of Fig. 6.

peak frequency of 18.33 MHz for=0.18. The solid and the At low temperatures below, the stretched exponential

dashed curves are the respective least-squares fitting resultsction is a better fit to*>%(t) in shortert, rather than the

using the stretched exponential and the multiexponentiainultiexponential function. In contrast, the multiexponential

functions of Eq.(13). Logarithmicp(t) versust plots are for  function well fit 13%(t) in the wholet range aboveT,.

the recovery curves in longérandp(t) versus logarithmi¢  Thus, the slow, inhomogeneous spin fluctuation also affects
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La, Sr CuO
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FIG. 6. *¥La nuclear-spin-lattice relaxation curvé®p(t) for 0.05 0.10 0.15 0.20

Sr content ofx=0.18 atT=4.2 K, 20 K and 77 K;p(t) vs loga-
rithmic t plots(left) and logarithmiqo(t) vst plots(right). The solid
and the dashed curves are the least-squares fitting results using the FIG. 8. Magnetic phase diagram of LSCO with the pseudo-spin-
stretched exponential and the multiexponential functions of Eqgap effect constructed based on the data in the present work and the
(13), respectively. The stretched exponential functiofslid wipeout effect in Ref. 8. The characteristic temperatures against the
curves are not plotted in the right panel. The dashed curves in theSr contentx or hole concentratioriT, (squaresand the Cu NQR

left panel are the fitting results fo<2 s, whereas that in the right Wwipeout temperature$yqr (circles are reproduced from Ref. 8.
panel is fort>2 s. The crossover temperaturés (crosses which is the onset of de-

viation of muon spin relaxation from Gaussian behavior, are repro-
duced from Ref. 63T, T, Tpin, andTea (triangles are defined
in Figs. 4 and 5.

Hole concentration x

the low temperaturé®®La nuclear spin-lattice relaxation. We
could not confirm the frequency dependencédp(t) in the

broad *%.a NQR spectra. . .
The low temperature increase 6f%(1/7;) for x=0.018 is

explained in terms of the spin freezing effect, which coexists
with superconductivity for 0.08x<0.125121315-17 The
moderate increase df%(1/r;) for x=0.13 may be a remnant
of such a spin freezing effect.

The behavior of'*{1/7,) below T, is different from that
of %(1/r;). One may regard the peak temperature of

Figure 7 shows the plot of¥1/r)(=R,) and
BY1/T,)(=R;) estimated by using Eq13). For compari-
son, the ¥1/r;) of lightly doped, nonsuperconducting
LSCO withx=0.018 is also plotted using the data reported

in Ref. 13. 139 13 i 13
139 ) . (1/71) as T e<4.2 K. Since the'®La NQR fre-
Below T¢, “*(1/T,) rapidly decreases due to opening of quency %, is totally lower than thé*Cu NQR frequency

the superconducting gap, which is consistent with {f@u 63 . . . 3 )

NQR results. The magnitude df%(1/r;) decreases from th:l{e\sli;ht?]esgégﬂUISItQu;tIOEr;Iri EgérgLaEQArRz'S;lng?Tr than
=0.018 to 0.13 and further to 0.18, being qualitatively in - 139, Peak ™ peak
agreement with the previous observatidfis.For x=0.13, (~7673 K), e obtain (er Vres) > 7e(4.2 K) ; and
1391/7,) moderately increases with decreasing temperature(zw Vres = Te(T~77 K). If one assumes EqL1) for x

\ o Y . =0.13 and 0.18, then®y,.=35MHz and %%
while for x=0.18 it is nearly independent of temperature. — 18 MHz lead to 0<J,;<2.9 K. The smalll, is consis-

tent with the result in Ref. 12.

10 T T
0| .
—_ 10 C. Magnetic phase diagram
é 10" U . 7 Figure 8 is the magnetic phase diagram constructed on the
=107 F N i basis of the experimental results obtained in the present and
= U . X= the previous studies® T, (squaresand the Cu NQR wipe-
a 103 F 4,4 ! Y 0.018 (z,) out temperature$ (circles are reproduced from Ref. 8
= 4 TAT A 013 (1)) P NQR P 1 Rel. 8.
-~ :T v 013 Tl The crossover temperaturés (crosses where the time de-
B0 r Vi 0‘18 (T) pendence of zero-field muon spin asymmetry first deviates
2 0’k Y Y ! A 018 (1) from Gaussian behavior due to the slow fluctuation, are re-
Y 5 v 0.18 (Ty produced from Ref. 63. The triangular symbolsTof, T,
10° E— T bl Tmin, and T, are for the data obtained in the present
1 10 < 100 1000 work.

The pseudo-spin-gap temperatuigsof LSCO lie on the

FIG. 7. Temperature dependence ‘6fLa nuclear spin-lattice Same order of magnitude as the other cuprates Hg1201 or
relaxation rates’®y(1/r;) and 3%(1/T)y0 for x=0.13 and 0.18. YBCO. Forx<0.13, according to Ref. 8, the slow, inhomo-
For reference®Y1/r,) of lightly doped, nonsuperconductor LSCO geneous fluctuation affects the Cu spin dynamics on the
with x=0.018 is reproduced from Ref. 13. The array (ndicates ~whole CuQ planes and induce a large wipeout effect on the
the direction of change with Sr doping. Cu NQR spectrum belowygg. For x=0.13, our results

184503-6



PSEUDO-SPIN-GAP AND SLOW SPIN FLUCTUATION. . .. PHYSICAL REVIEW &9, 184503 (2004

indicate that the moderate slow, inhomogeneous fluctuatiofRef. 34 will correspond to the in-gap state at the antiferro-

still exists and affects the nuclear spin-lattice relaxationmagnetic wave vector, around 6 or 9 meV in Zn-substituted

aroundT ¢4 but induces no appreciable wipeout effect. At Y123 (Refs. 64 and 66 The randomly distributed, slow

low temperatures, the fluctuation slows down sufficiently tostaggered moments on the Cu@lane are theoretically

enter the time scale of the muon probe and to yield a fasproposed?°¢:66:67

muon relaxation belowT;.%® The slow fluctuation below

Tpeak SMears the psgudo-spin—gap. The unknown,.gapless IV. CONCLUSION

mode belowT,,,, which also masks the pseudo-spin-gap,

may be a remnant of charge-spin stripe fluctuation. The slow, From the analyses d*Cu and**%a nuclear spin-lattice

inhomogeneous fluctuation &t,.,¢ around the optimally —relaxation curves for LSCO, we found a remnant of the

doped region are the characteristics of the magnetic phageseudo-spin-gap effect, comparable to Hg1201, and a slow

diagram of LSCO, which contrasts with those of Hg1201 andspin fluctuation effect. This slow spin-fluctuation originates

YBCO. Thus, one reason why the optini} of LSCO is  from a remnant of the spin freezing effect or the wipeout

lower than those of Hg1201 and YBCO is attributable to theeffect, which is more remarkable in less doped samples. Ran-

depairing effect of the slow, inhomogeneous fluctuation.  domly distributed staggered moments with slow fluctuation
The recent inelastic neutron scattering measurements ofiay be responsible for the fact that LSCO exhibits relatively

X"(q,w) of LSCO indicate a threshold energy gdf, lower T, than Hg1201.

~4 meV and a small peak at6 meV aboveT,,** which

are digfzerent _from Fhe_ pseudo—spin—gqp eﬁect)@i’rgq,w) (_)f _ ACKNOWLEDGMENTS
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