PHYSICAL REVIEW B VOLUME 60, NUMBER 13 1 OCTOBER 1999-

Nuclear spin-spin coupling in La,_,Sr,CuO, studied by stimulated echo decay
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We have performed copper nuclear quadrupole resonance experiments in high-temperature superconductors
YBa,Cu,Og, YBa,Cu0O;, and Lg_,Sr,CuQ, (x=0.12 andx=0.15), using the stimulated echo technique
which utilizes the rf-pulse sequened2—(7) — 7/2—(T—7)—«/2. The 7 and T dependences of the stimu-
lated echo intensity is analyzed by a model that includes the spin-lattice relaxation prbcessaessand the
fluctuating local field due to nuclear spin-spin coupling. The model gives quantitative account of the experi-
mental results in YB#Cu,0Og and YBgCu;0;, using the known values of T{ and 1T, , the Gaussian decay
rate of the spin-echo intensity. The same model applied to |, CuQ, enables us to extract the value of
T, . Our results indicate thal,T/T5g shows significant temperature dependencezfeR but is approxi-
mately independent of temperature for=1. This implies that the dynamic exponent is close to one in
La, ,Sr,CuQ,. [S0163-182@09)07137-4

I. INTRODUCTION However, one typical high-, system, La_,Sr,CuQ,
(LSCO) does not show clear pseudo-spin-gap behaViar-
Anomalous spin dynamics in high-temperature superconstead, recent precise measurements of 7§ up to 800 K
ductors continues to be a controversial issaén all high-T.  (Refs. 11-13 revealed a modest change of behavior at a
materials, the dynamic susceptibilig(q, ») at low frequen-  temperaturer*. Above T*, 1/(T,T) follows a Curie-Weiss
cies is peaked near or at the antiferromagnetic wave vectQemperature dependence, T4 6). Below T*, 1/(T;T)
Q=(r,m) aboveT.. The nuclear spin-lattice relaxation rate yeeps increasing but is slightly suppressed from the extrapo-
(1/Ty) at the planar®Cu sites measured by NMR/NQR |ation of the high-temperature Curie-Weiss law. Dependence
(nuclear quadrupole resonandes been used extensively t0 ¢ T* on the hole concentration is similar to that B in
probe the low-frequency spin fluctuations through the fol- o, underdoped high materials. At present, origin of

; i3
lowing relation: this crossover temperature or the reason for the different be-
) havior between LSCO and other high- materials is not
1 ks 2 well understood.
T 2 2 FL(@))X"(q.wn)y, (1.3) NQR experiments in LSCO are complicated due to large
PR : : : ; ;
inhomogeneous linewidth of a few MHz. Since Cu spins are

wherey, is the nuclear gyromagnetic ratie,, is the nuclear ~€xcited over a few hundred kHz by typical rf pulses, only a
resonance frequency, afid (q) (F) is the Fourier compo- small portion of the entire Cu spins _contrlbutes_ to the NQR
nent of the hyperfine coupling perpendiculparalle) to the ~ signal at one frequency. In our previous work, it was found
crystalline ¢ axis, which is assumed to be the quantizationthat 1T; measured by Cu NQR is not uniform over the
axis of nuclear spins as is the case for NQR. It was foundroad spectrum. The frequency dependence ©f i¥ more

that 1/(T;T) shows contrasting temperature dependence fopronounced in more underdoped materfals)dicating sub-
different regions of doped hole concentration. For suffi-stantial inhomogeneity of the microscopic electronic state.
ciently high hole concentration, T(T) keeps increasing as One concern is that the measured value daf;thight be
temperature is lowered down ;. In contrast, in many influenced by the spectral diffusion process, in which Zee-
underdoped materials, where the hole concentration igan energysy,l,H of the excited nuclear spins diffuses in
smaller than the optimum value for highesf, 1/(T.T) frequency over inhomogeneously broadened spectrum by the
show a broad maximum at a temperatlice which is much  transverse component of nuclear spin-spin coupling of the
higher thanT., and decrease steeply at lower temperaturesorm al; . I;_ . If this is the case, the measured value af;1/
This suggests that a pseudogap opens in the spin excitatiamould be larger than the true relaxation rate due to electronic
spectrum near+#, ) aboveT,.* As the hole concentration spin fluctuations.

increasesT s decreases. The pseudo-spin-gap phenomenon is Another issue is that one cannot obtain the strength of
observed in various underdoped materials, such asuclear spin-spin coupling from measurements of the spin-
YBa,ClyOgg3,° YBa,CuOg? LaBaCuO, 5, and  echo decay rate for such a broad spectrum. In cuprates, Cu
HgBa,Ca,_ ;CU,0sn4 0.5 (N=1,2)8° nuclear spins are coupled dominantly by the Ruderman-
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(a) In this paper, we report the results of stimulated é2ho
decay measurements in YRa,Og5, YBa,Cu;0,, and
La, ,Sr,CuQ, (x=0.12 andx=0.15), using NQR at zero
magnetic field. Stimulated echo sequence utilizes thr&

pulses separated in time byandT — 7. The decay of stimu-
lated echo intensity as a function Bican be caused not only
by the spin-lattice relaxation process but also by the spectral
diffusior?® as well as the nuclear spin-spin couplittgThe

dependence om and T of the stimulated echo intensity is
compared with the calculation based on a model which takes
account of the spin-lattice relaxation process and the nuclear

(b) spin-spin coupling along the axis. The effects of spin-spin
N [\ coupling perpendicular to the axis, which is much smaller
> p > than the coupling along the axis but responsible for the

spectral diffusion, is neglected as we discuss in detail below.

For YBaCu,Og and YBgCu;O,, where the values of T}
and 17, are known, the calculation shows good quantita-
tive agreement with the experimental data. The same model

applied to LSCO enables us to extract the value dhd/
Our results indicate tha, T/T5g shows significant tempera-
ture dependence far=2 but is approximately independent
of temperature foz=1. This implies that the dynamic ex-
ponent is close to 1 in La,SrCuQ,.

FIG. 1. Time charts of three rf pulses and corresponding state
of nuclear spins in the rotating frame f@) inversion recovery and
(b) stimulated echo decay sequences.

Kittel-Kasuya-YosidaRKKY )-type indirect interaction me-
diated by electronic spin excitations, Il. SAMPLE PREPARATIONS

We used polycrystalline materials synthesized by the
_ ij ij usual solid-state reaction. For Y1248 material, we used hot-
H_ﬁz {aftizl i rar20i - +i-1oh - (1.2 isostatic-pressingHIP) technique. All samples were con-
firmed to be single phase by powder x-ray-diffraction mea-
where the coupling constant is given in terms of thesyrements. The superconducting transition temperatiiids (
d-dependent static susceptibility as are 90 K(Y1237), 80 K (Y1248, 38 K (LSCOx=0.15), and
32 K (LSCOx=0.12), respectively.

ay = o MB)22| (qexp—igRy). (1.3

The large anisotrop¥(q)/F,(q)~6 for g~ (m,m) makes
a; much larger tham, . Then the Gaussian time constant of
spin- echo decay Thg in %3Cu NQR experiments is given

IIl. STIMULATED ECHO METHOD

We briefly discuss the stimulated echo method in com-
parison with the ordinary spin-echo and inversion recovery
methods. In ordinary spin-echo experiments, two rf pulses

ad4- (/2 and pulses are applied with time separatian The 7
dependence of spin-echo intensity is described by two pa-
12 0.69 ) rameters, T, and 1T ,g, as’
T ) (a))?
ZG " M(27)=M ex;{ 27-)ex (20° (3.0
069 1 (27~ Mo Ta 2T/ '
4h? (gug)* The Lorenzian componentTy, represents the contribution
2 from the spin-lattice relaxation proce?sThe Gaussian com-
> F(q)4X(q)2—(Z Fl(q)zx(q)) } ponent 1T, is due to nuclear spin-spin coupling and given
q q by Eq.(1.4).
(1.4) The pulse sequence for the stimulated echo experiments

are described a§nw/2— 17— w/2—(T—7)—m/2], which is
where 0.69 is the natural abundance®€u nucleus. Mea- shown in Fig. 1b) and compared with the conventional in-
surements of T,g have provided valuable information re- version recovery sequence { T— w/2— 7— ) in Fig. 1(a).
garding the enhancement of the static susceptibility near th&he figures below the time chart of rf pulses show the cor-
antiferromagnetic wave vector in many hi@h-materials responding state of nuclear spins in the rotating frame. In the
such as YBsgCwO;_5; (Y1237, T,~90 K),'"!8 inversion recovery sequenda), the nuclear magnetization
YBa,CyOg 6» (T.~60 K),° and YBgCu,0g (Y1248, T,  along thez direction initially at the thermal equilibrium is
~80 K).'® However, Eq(1.4) assumes that the nuclear spins inverted by the firstr pulse. Thez component of the mag-
over the entire spectrum are flipped by thepulse, a condi- netizationM,, which then begins to recover toward the ther-
tion that is not satisfied in LSCO. mal equilibrium, is measured by the intensity of the spin-
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netization. The stimulated echo decay by fheprocess is
FIG. 2. Distribution ofM, in the inhomogeneously broadened simply given by exp{3T/T;) similar to the inversion recov-
spectrum in stimulated echo experiments after the second pulseyry,
Typical values of the,, (7/2 pulse width andr are 1.5 and 3Qs. The spectral diffusion can be caused by the transverse
component of the nuclear spin-spin coupling, the second
echo signal formed by the second and the third pulses. Iferm of Eq.(1.2), which describes the mutual flip of two
case of NQR of**Cu nuclei ( =3/2), the recovery of spin- nuclear spins. We discuss this in more detail in the next
echo intensity is described by an exponential function if thesection. The oscillating distribution dfl, will be averaged

effect of spectral diffusion is neglected, out by the spectral diffusion, leading to reduction of the
stimulated echo intensity.
3T Stimulated echo decay is also caused by the temporal
M(T)=Mo 1—2ex;< N T_IH 32 fiyctuation ofh(t), since the two terms in the accumulated

phase Eq(3.3) then do not cancel exactly. In our NQR ex-

where T, is the time constant for high-field NMR experi- periments, distribution of the local field is largely due to
ments. inhomogeneity of the electric-field gradient, which is static.

In the stimulated echo sequen@®, the initial magneti- However, the longitudinal component of the spin-spin cou-
zation is flipped into they direction by the firstw/2 pulse. pling, the first term of Eq(1.2), gives rise to an additional
Then it dephases in they plane by the inhomogeneous dis- source of the local field. This local field gh site is given as
tribution of the resonance frequency, as well as by the
nuclear spin-spin coupling. The magnetization spread in the hy(t)= i E alll (1) 3.4
xy plane is flipped into thez plane by the secong/2 pulse. ' v (2 S '
The value ofM, immediately after the second pulse is given
by the ensemble average of cos¢(7), where ¢(7)
=v,Jgh(t)dt is the accumulated phase in tkg plane of
individual spins subject to the local field(t) during the IV. EXPERIMENTAL RESULTS AND ANALYSIS

period between the first and second pulses. If the local-field The stimulated echo intensityl was measured as a func-
distribution is dominated by the static inhomogeneity of thejjon of T for several different values of. The experimental
resonance frequency, should be oscillating as-cos(rw)  results are shown in Figs. 3 and 4 for Y-based compounds
as a function of frequency over the spectrum as shown ing Fig. 5 for the LSCQ=0.12 sample. Generally, the echo
Fig. 2. If M, does not change between the second and thgecay curveM (T) deviates from a single exponential func-

third pulse, the oscillating magnetization distribution alongyion exp-3T/T,). The deviation is not clearly noticed for
the z direction is flipped into they direction by the third

which fluctuates via th&@, process.

pulse, which then refocuses along the direction atT + 7, 1 pgrrrrrrrrer — — — S
forming the stimulated echo. The echo intensity is given by 4§A ., Y1237 100K ] 3
the ensemble average of (1/2)et(J +7), where ) -AA:.. 1=12~56us ]
[2] [ ]
T T+7 § 0.1 3 ..AA‘A.... E
H(T+7)=7, f h(t)dt—y, f hhdt (3.3 £ Tma e coizps
0 T = o 4 %%,
: , B 001k m fa e, 4
is the accumulated phase®t 7. The accumulated phase is S E 1=56ps A oo E
zero if h(t) is static. E ¢ e U E
Temporal variation oM, or h(t) causes the intensity of 2 " 'A. Ao
stimulated echo to decay as a functionTofChange ofM, 0.001 b — — — e— Lt 3
can be caused either by the spin-lattice relaxation process 00 05 10 T1(§) 20 3.0x10

(T, process or by the spectral diffusion. By th&; process
M, recovers towards the uniform thermal equilibrium mag- FIG. 4. Stimulated echo intensity for YBau,0; at 100 K.
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18— m ' X='012 1'00K_: scopic magnetization distribution is given by a diffusion
= s ' ] equation with the diffusion constaﬁlwzllrg. We can es-
[2] .
e . ‘A'. timate 1 as follows. From Eq(1.4),
= n
g AA u
< a, "u T=12us i 2
2 A .l 2E (al)
‘a A -._ 1 1 \ %]
% 01 L 15 . A . ... i ?Sz’n'f(w) E ;, (42)
— 8: T= u Aa L] aIJ
o 1 1 1 AA 1 1#] ( H)
' T x=0.12 300K |
8- ] X =0. 1 . . .
2 f ., ] where i.;(a!)%Z;.j(a])>~{F . (Q)/F|(Q)}*~1/40 in
s Vy high-T, cuprates. Among the materials we studiegdshould
g A" t=12pus be shortest in Y1248 because of small NQR linewidth of 200
! Bt kHz [f(w)=(47x10°) 1] and relatively large W,g~3
i A", x 10" sec! nearT.. From these numbers,/is estimated
So1f T=1Sks A ] to be 56 sec’.
- ou st In principle, such spectral diffusion could average out the
o L . W oscillation of the magnetization distribution along the fre-

0 100

200 300 400 500

guency axis with the period 2/ 7 in the stimulated echo
T hst) experimentgFig. 2). The characteristic time for this to occur

FIG. 5. Stimulated echo intensity for ba,S,Cu0, x=0.12 'S 9IVen by @T/T)Z/Dw' Even for the longest value af=5
sample at 100 Kabove and at 300 K(below). X107~ sec in our experlr_nen.ts, this characteristic t|m§\ is of
the order of 10 sec, which is many orders of magnitude
small 7 but becomes significant for larger The decay rate larger than the range afin our experimentgless than 10
dInM(T)/dT shows strong- dependence for small, where it ~ S€0. Therefore we conclude that the effect of the spectral
is larger for largerr. In contrast, the decay rate depends lesdiffusion is negllglble- .
on 7 for larger T region. How strongly the decay curve _ We now pon3|der the effe(_:t of fluctuations of the local
changes withr depends on temperature as well as materialsfield. Recchlaet'al. have considered the same problem'for
As shown in Figs. 3, 4, and 5, thedependence of stimu- the Qrdl_nary spin-echo dec&y.They assumed a Gaussian
lated echo decay curves become negligible at higher tengls_tnbunon fpr the accum_ulated phase a}nd derived an ana-
peratures. At lower temperatures, thelependence of decay IYtic expression for the spin-echo decay in terms of the cor-
curves is most significant in the Y1248 sample. relation function of the local field. Qurrqt aI: applied this

As mentioned in the previous section, we have to considefesults to the case where the local field is given by Bc)
three distinct processes for the stimulated echo decayndl of a neighboring nuclear spin is fluctuating via fhe
namely, theT, process, spectral diffusion, and local-field Process. This approach can be applied to the stimulated
fluctuations. Of these, contribution from tfig process is €cho decay with only minor modification. If we assume a
easily separated by dividing the experimental data of stimu&aussian distribution for the accumulated phase defined by
lated echo decay by exp@T/T,). Eq. (3.3), the stimulated echo intensity is given by

Portis has analyzed the spectral diffusion process in elec-
tron paramagnetic resonance lBfcenters, where diffusion 1 1 (p(T+17)%)
occurs via the dipolar interaction between electron spins ECOS¢(T+T) =§ex B 2
within the spectra broadened by the hyperfine interaction
with surrounding nuclear spirf§.We apply this analysis to  As discussed in the Appendikg(T+ 7)) is the ensemble
the present problem. First, the inverse life time of fm-  average of the contribution from individual neighboring
ponent of a nuclear spin due to mutual spin fliplpnd a  nuclear spins. Each of them has to be distinguished whether
nearby spinl; described by the second term of H@.2) is it is a like nucleus, which is on resonance, or an unlike
given by nucleus, which is off resonance. Thus if there argpes of
unlike nuclei, we can write

). 4.3

%ZO.GQX%f(w)Ej: (al)?, 4.7

s n
2\ . 2 . o 2
wheref(w) is the NQR spectral shape function normalized (A(T+7)%)=Po( Piike(T+7) >+i21 Pil bunticei(T+7)%),

so thatff(w)dw=1 and we assume that the resonance fre- (4.4
guencies of two neighboring nuclear spins are uncorrelated.

Although the total Zeeman energy has to be conserved, thehereP, andP; are the abundance of the like nuclei atfal
uncertainty principle allows the resonance frequenciel of unlike nuclei, respectively. In the AppendiX, (T
andl; to be different by an amount comparable te;1/Thus ~ + 7)2) and( duniikei(T+ 7)2) are calculated as functions of
the mutual spin flip process describes a one-dimensional raf-,g of ®3Cu nuclei as defined in Eq1.4) andT,’s of like
dom walk of magnetic particles along the frequency axisand unlike nuclei. In Fig. 6,T dependence of ¢je(T
where both the hopping rate and the hopping distance are 7)) and (¢, ike(T+ 7)2) are plotted for different values
given by 1kg. Therefore the time evolution of the macro- of T,¢ /T, and 7/T;.
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FIG. 7. The experimental stimulated echo deb&y,,, (dots is
compared with the calculatioriBnes) for Y1248 and Y1237 at 100

FIG. 6. The second moment of the accumulated pkige as a K. We used the value of paramefBs given in Ref. 18,

function of T/T, for different values ofT,¢ /T, and /T, for (a)
like-spin coupling andb) unlike-spin coupling. ) )
inversion recovery measurements and the datd sef ob-
To summarize our analysis, we expect that Thand 7 tained by spin-echo decay measureméhihe overall mag-
dependence of the stimulated echo intenBiiT, 7) is given  Nitude Mg is the only adjustable parameter in this compari-
by the product of the two decay process, i.e., Theprocess  SON. The agreement between the experimental data and

and local-field fluctuations, calculation is quite good. The calculation reproduces the ob-
3T T+7)2 3.0F
M(T,T)=M0ex;{_r)exp<w2)>). (4.5 F
1

V. DISCUSSIONS

In this section we compare the experimental results with

Mqore (@rb. units)
n
[=]
T

the calculation of Eq(4.5). In order to examine the validity § 150
of our approach to analyze the local-field fluctuations, we [ .
separate the trivial'; process. In the following, we compare [ LSCO x=0.12 100K ] -
the stimulated echo intensity divided by ex{&T/T,), which 10— i
we call the corrected intensityl ;. (T, 7), with the calcu- 10" T(s)
lated results of exp-{¢(T+ 7)2)/2). The results of com- 3.0 —r—r—r—r1 : :
parison are shown in Figs. 7, 8, and 9. E [LSCO x =0.15 100K |
258y p
z | =y %
A. Y-based compounds T r = - "
5 20[ o .
We first discuss the results on underdoped YBaOg g '. Tl
and optimally doped YB&£u0,_; (T,=90 K). The full < 15F .
width at half maximum of®3Cu-NQR spectra is about 200 S0 e 1
kHz in these samples. Since almost®Cu nuclear spins are | @ 1=llps
. | e t=14us
excited by rf pulses for such a narrow spectrum, &Cu o . .
spins are like nuclei an§°Cu spins are the only unlike nu- W=7+ ) 2 34
clei. Thus we seP,=0.69 andP,=0.31 in Eq.(4.4). In Fig. 10 (s")

7, the data foM.,, and the calculated stimulated echo de-
cay curves are compared for Y1248 and Y1237 compounds. FIG. 8. The experimental stimulated echo deday,,, (dot9
For calculation, we used the value Df obtained from NQR  and fitted curves based on Ed.5).



9806 FUJIYAMA, TAKIGAWA, UEDA, SUZUKI, AND YAMADA PRB 60

3,0: LU B s | T T T ] 60 T T T T T T
Foe — like spin only | I m x=0.12] ]
2'5- ....... unlike spin 0n|y 50 e x=0.15] 7
a r ] |
= 20 . 4o ; * g
St 2 }
£ [ — 30 i * * i 7
& 151 g 8 i $
5 [ . o0t $ ¥ 1
= [ N §oeeen 1
------ ]
L or T B
L M v ]
107 T(s) 0 50 100 150 200 250 300

Temperature (K)
FIG. 9. The experimental data &, for x=0.15 at 100 K
(dotg are compared with two fitted curves, assuming 100% like- FIG. 10. Temperature dependence of Jf for LSCOx=0.12
spin coupling(solid curve or 100% unlike-spin couplingdotted andx=0.15 samples. The dottgd line shows thg results by Walstedt
curve. The fitted values oF g are 25.q us] for like-spin coupling et al. (Ref. 26.for x= 0.15 obtained from the spin-echo decay mea-
and 26.7 ws] for unlike-spin coupling. surements using high-field NMR.

served change of behavior for different valuesroin par-  [€Mperatures, where Tjs gets smaller,T dependence of

ticular, the nonexponential decay for large values afwell ~ Mcorr D€COmMes too weak to determineTd4 reliably. The
explained by our model. Thus we believe that our model is/alues of Ty thus derived are plotted against temperature
valid for these materials. for two Samplesx=0.12 andx=0.15 in Flg 10. 1TZG in-
crease steeply as temperature decreases, similar to other
high-T, materials>!"8 The results obtained by Walstedt
B. Lay—,Sr,CuO, et al. for x=0.15 betweeriT=100 and 300 K using high-

As we mentioned before, the Cu-NQR spectra of Lscofield NMR are also shown by the dashed line, after multi-
show significant inhomogeneous broadening, whose fulplied by y2 in order to take account of the difference be-
width at half maximum(FWHM) is about 2 MHz. Thus itis tween NQR and NMR measuremefits®
not possible to obtain Thg as defined in Eq(1.4). On the Since the antiferromagnetic correlation is quite strong in
other hand, Walstedet al. measured the spin-echo decay high-T. cuprates, we generally expect that the dynamic spin
rate using thd ,= 1/2— —1/2 center line of thé’*Cu NMR  correlations obey some kind of scaling relation, which relates
in the oriented powder sample in high magnetic fi@l@he  temperature dependence of various magnetic quantities to
FWHM of the NMR center line in LSCO s typically about those of the antiferromagnetic correlation lengdttand the
500 Oe. Although this is about four times narrower than thacharacteristic energy of the antiferromagnetic spin fluctua-
of Cu NQR, the whole region of the spectra cannot be extions ws;. These two quantities are related by the dynamical
cited by rf pulses. Moreover, the NMR spectra includes botrexponentz as wg;< £ % The data of I, and 1T, T have
the broad background from unoriented portion of the sampl&een used to extract the value oin various highT. cu-
and the resonance from the so-calRdite, which may af- prates. It has been shown thatyifQ) < £2,
fect the spin-echo decay measurements. Thus it would be
important to obtain IV, by a different method. 1 1

Here we assume that our model for the stimulated echo T @st T—ZGocg_
decay is valid also for LSCO and extract the value af,%/
by fitting the data ofM ., to exp(—(¢(T+7)2)/2) with  Therefore we expectT,;T/T5; to be temperature
T,c as a fitting parameter. The experimental data and fitteihdependent’ While z=1 is expected at the quantum criti-
curves for LSCO are shown in Fig. 8. We used the value ofal point(the boundary between Neordered states and dis-
T, determined from the inversion recovery technique. ordered statgsin two-dimensional quantum spin systéf,

There is minor ambiguity in this procedure. Since theantiferromagnetic spin fluctuations in itinerant electron sys-
63Cu NQR spectrum is so broad, only a fraction ¥Cu  tems is generally believed to be describedzby2.
spins is considered to be like nuclei. However, this is not a Experimentally, the underdoped materials of the Y-based
serious problem, since(die(T+7)2) and (Pumike(T ~ System, YBaCusOg 63 and YBgCu,Og show thez=1 be-

+ 7)2) are nearly identical for the range of parameters of outhavior above Ts. Early data on the optimally doped
interest if the values of T/, and vy, are the same, as shown YBa,CusOg g are consistent witlz= 2 272° However, recent

in Figs. 6 and 9. Based on the ratio between the NQR line!’O-NMR experiments by Kereet al. pointed out impor-
width and the magnitude of the rf magnetic field of our ex-tance of fluctuations of Cu nuclear spins due to both spin-
periments 200 kH2, we chose rather arbitrarily that 10% lattice and mutual flip process in the analysis of the spin-
of %3Cu are like nuclei and 90% are unlike nuclei. The ob-echo decay dati. They obtainedz=1 after correcting these
tained value of IV, hardly depends on these numbers. Weeffects®

show in Fig. 9 two fits obtained by assuming that 100% of In Fig. 11, we plot the ratid; T/T5¢ for x=0.12 and 0.15
®3Cu are like or unlike nuclei. The fitted values Bfg differ ~ against temperature with both=1 andz=2. Apparently,
only by 6%. Our analysis to determifig is limited below the plot forz=1 is more temperature independent than the
150 K for x=0.15 and below 250 K for=0.12. At higher plot for z=2. Thus our results suggest the quantum critical

(5.9
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1 — that the stimulated echo decay is caused by two dominant
. izg-]g processes: the longitudindl, relaxations and fluctuation of
. local field produced by longitudinal component of the
ol + + + + + + + 4 nuclear spin-spin coupling. We argue that effects of spectral
- + + + + diffusion due to transverse component of the spin-spin cou-
o I ++++ + ] pling is negligiple. We confirm that our model indeed gives
1k i good quantitative account of the experimental data for
¢ Y-based materials. We used the same model to deduce the
I value of 1T,¢ from the data of stimulated echo decay in
| TN T T T N LSCO. We found that Tl,¢ increases monotonously with
10x10” S , . N decreasing temperature. The results show that the ratio
m x=0.12 T,T/T35 with z=1 is approximately independent of tem-
8t + + ® x=0.15 |, perature, suggesting the quantum critical scaling in under-
6 + + + + doped LSCO.
[aV)
N 4k + ++ ++ ]
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scaling for the magnetic excitations in underdoped LSCO.
The results obtained by Walsteelt al. for x=0.15 between
100 and 300 K are also consistent with: 1.2° To summa- APPENDIX
rize our results on LSCO, consistent account of the stimu-
lated echo decay data is given by our model using the values W& calculate the second moment of the accumulated
of 1/T, measured by the inversion recovery technique, whictPhase defined in Ed3.3), taking account of the fluctuation
show no clear signature of pseudo-spin-gap abbye The of the local field defined in Eq3.4) due to theT, process.

. i : .«_We follow the approach formulated by Curgt al® Since
guantum critical scaling we found for LSCO is also consis P | !
tent with the lack of spin gap, since such scaling breakdhe values ofl;; is jumping among the four eigenvalues
down in many of the underdoped cuprates belbw Why  +3/2, =1/2, the local field is written as
the spin gap is absent in LSCO is not fully understood. How-
ever, we speculate that it may be closely related to the insta- 1
bility toward the simultaneous spin and charge ordering _ - T
found experimentally in LSC® hi()= Vi ;. % & MPjm(1), (A1)

VI. CONCLUSION
where p;,, is a probability thatl;, takes the eigenvalus.
We have applied the stimulated echo technique to thé&rom Egs.(Al) and (3.3, the second moment of the accu-
high-T,, superconductors b§*Cu NQR. Our model assumes mulated phase is given as

where we have assumed no correlation between different -3 3 0 0
nuclear spins. 1 3 -7 a4
The time evolution op,(t) is governed by the rate equa- W= —X (A4)
0 0 3 -3
dpm(t) =S W, pa(t), (A3) We can write (pn(t)pm (t')= P (It—t'[)/4, where
dt n Pmm (1) is the probability that if a nuclear spin is in the state
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att=0. Py (t) is equal top(t) obtained by solving the (®fike(T+7)= Too

rate equation, Eq(A3), with the initial condition thatp,,
=1 att=0. For instance,

Pary@r(t) = 2T 508 — T +Zexp - T

1 6t AS
+ 2—OeX — T_l . (A5)
and

We now have to consider the effects of thre& pulses,
which redistribute the populations of like nuclear spins,
which are on resonance. The rate equation,(B8), should

m at the timet under the condition that it was in the staé 2 9( 2T10) 2: 5
0.69 4

2T T

T—m—2+2exp<—_|_—10”
4 T—-7\ 1 6(T—17)
geX’{_ T10>+§ex4_ T1o )

2
] (A8)

2[4\ 2
be combined with the boundary conditionstat, (P2 ke i(THT))= 5 % 69( ?) ﬂ)
’ x0. 26/ Yo
1
Paa 7) = P1/2(T+):§[P3/2(T_)+ PuA7T )], (A6) y ﬁ+2ex;{ B i)
LEY Tai
1
p—3/2(7+):p—1/2(T+):§[p—3/2(Tﬁ)+pfl/2(7'7)], —o4 2ex;{ - l) —ex;{ - T+T)
(A?) Tli Tli
and the similar conditions @t=T+ 7. The rf pulses have no _exd — T-7 (A9)
effect for unlike nuclear spins, which are off resonance. Tii

Equation (A2) shows that ¢(T+ 7)) is the sum of the
contribution from individual neighboring nuclear spins.
Therefore it is written as Eq4.4) according to the distribu- . 6 ,
tion of different types of like and unlike nuclei. We define  1€ré 1Mz is the “Cu NQR spin echo decay rate as
biie(T+ 7) o be the accumulated phase for the hypotheticaf€fined by Eq(1.4), 1/T;oand 17y; is the spin-lattice relax-
case where like nuclei occupy all the neighboring sites. Like2tion rate of like andth unlike nuclei, andy, andy; is the
wise ¢y nik(T+7) is defined to be the accumulated phasedyromagnetic ratio of like €Cu) andith unlike nuclei, re-
when all neighboring sites are occupiediltly unlike nuclei. ~ spectively. The result fof 7 i (T+ 7)) has obtained by
They are calculated as Recchiaet al. previously®?
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