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We report data on the Gaussian transverse relaxation rég Lthe Knight shiftk®, and the spin-lattice
relaxation timeT,, in YBa,Cu,Og from 100 K up to 715 K, extending the upper temperature of previous
studies by 200 K. Th&,; data are corrected for a small spin-lattice fluctuation contribution to the echo decay.
Calculations ofT,T/T,g and TlT/TgG show that there is a crossover in scaling behavior at a temperature
T,~500 K. The Knight-shift data also exhibit a maximum at this temperature and decrease slowly with
increasing temperature above this. Calculations using an independent form for the susceptibility due to Sokol,
Singh, and Elstner suggest that the correlation length for antiferromagnetic fluctuations is on the order of one
to two lattice spacings at this crossover temperature, in agreement with the proposal of Barzykin and Pines.
[S0163-18207)04526-9

INTRODUCTION powder was necessary because the epoxy used to form
aligned samples limits the upper temperature at which mea-
We have measured the nuclear quadrupole resonanstirements can be performed to about 500 K. A magnetically
(NQR) spin-lattice relaxation rate T, the NQR spin-spin shielded probe designed for high-temperature studies was
relaxation rate 1,5, and the nuclear magnetic resonanceused for all of the NQR measurements to eliminate errors
(NMR) shift K of the planar®®Cu in YBa,Cu,Og between 77 from ambient magnetic fieldésee below The spin-lattice
and 715 K. Although this material has been studied extenrelaxation rates, T/, were obtained with the standard inver-
sively by other group$;® no data on If,g, or the Knight  sion recovery pulse sequence and the data were fit to a single
shift above 500 K have been reported previously, to ouexponential recovery function, as described elsewhditee
knowledge. We extend the data to higher temperatures ar@hta are shown in Figs.(d) and Xb). For comparison the
confirm a recent conjecture made by Barzykin and Pinesdata of Coreyet al. are shown, which go only up to 500 K.
concerning the magnetic scaling behavior of this material aThe new data agree well with the previous measurements
high temperatures. Specifically, our data support the hypotnand extend up to 715 K.
esis that the electronic spin system crosses over from a quan- For the spin-spin relaxation times, the envelope of the
tum critical (QC) z=1 scaling regime to a nonuniversal echo decay was measured using ar9lB0 pulse sequence
mean-field regime witz=2 when the temperature exceeds and the Gaussian part of the dec@yg, was extracted by
T~500 K. Furthermore, we find that Knight shift reaches afitting to the function:
maximum at this temperature.

S(27)=S(0)e~ 27 Terg~ (2071256 (2 7). 0
EXPERIMENT

The sample is an unaligned powder with a room-Here f(27) is a contribution to the echo decay caused by
temperature NQR linewidth of 190 kHz at full width half spin-lattice fluctuations. Echo decays for the planar Cu in the
maximum. It was prepared as described in Ref. 5. The suhigh-T, materials traditionally have been interpreted under
perconducting transition temperature was measured to be 7Be assumption that the neighboring spins remain static dur-
K using a superconducting quantum interference devicéng the time scale of the echo decay. In the Appendix we
magnetometer. These quantities are comparable to those oshow that there is a small spin-lattice contribution in
sample studied previouslyhich had a transition tempera- YBa,Cu,Og which can be corrected for. This correction is
ture of 81 K and a NQR linewidth of 160 kHz. An unaligned typically of the order of 1-3 %, and does not qualitatively
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where u is the permeability of free spack,is the dc cur-
rent, andN is the number of turns per unit length. As seen in

FIG. 1. (@) ®3Cu(2) spin-lattice relaxation rate T/ as a func-  Fig- 4, even a field as low as 1-2 G can depress the mea-
tion of temperature(b) T, T as a function of temperature. The open Sured value significantly. The solid line in the graph is a fit to
circles are the data of Coregt al. (Ref. 3 and the solid circles are the equation
from the present study.

T23(B)=C(%yB)*+T24(0), @
affect the temperature dependencd gf . T, is the Lorent-
zian or Redfield part of the decay, which is set independentlyyhere 637 is the gyromagnetic ratio of copper, a@dis a fit
by the relation parameter of order unity. The quality of this fit justifies cor-
rections toT,g based on this formula made in previous
studies’ Furthermore, the data extrapolated to the zero-field
value agree with the value measured with the magnetic
shielding in place. Thél,; data below room temperature
were taken in a nitrogen dewar which was not magnetically

whereR is the anisotrogy ratio and=2 for NQR. We have  ghje|ded, so the measured values were corrected using this
used the value 3.3 f&®.” We found that we could fit the data omula.

1 (B+R)

—_— — , 2
T T @

adequately at all temperatures with this procedure, and did
not have to include any extra Lorentzian components at
higher temperatures. Figure 2 shows a typical data set for
which this Lorentzian part has been divided out. The data
show clear Gaussian behavior extending over one and a half
decades of signal intensity. Figure 3 sholyg as a function

of temperature up to 715 K.

Measurements of the intrinsic value of spin-echo decay
time T, can be obscured easily by spurious effects. Previ-
ous studie$reported that the NQR ,¢ is depressed by the
presence of small ambient fields on the order of a few Gauss.
In order to verify this effect, we undertook a systematic mea-
surement ofT,¢ in a known external field. A solenoid was
constructed which applied a static field along the direc-
tion (the axis of the co)l The whole assembly was then
surrounded by magnetic shielding to minimize uncertainties
about the ambient fields in the laboratory. The spin-echo
decay was measured as a function of the dc current in the
solenoid. The solenoid fielB was determined using the re-
lation
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FIG. 3. 3Cu(2) NQRT,s as a function of temperature. The
open circles are the data of Corey al. (Ref. 3 and the solid
circles are from the present study. The data shown here have not

been corrected for spin-lattice contributions.
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T,s can also be affected by the size of the radio- =
frequency excitation pulsds; relative to the linewidth. For 5 67
the case in whiclid, is less than the linewidtIT,,g has been » (b)
observef to increase with increasing; in YBa,CuO;_ 5. 0l ' I
Coreyet al. report that the NQR , in YBa,Cu,Og is inde- 90 91 92 93 94 95 96 97
pendent ofH; for H,; values greater than 70 kHz. In this Frequency (MHz)
study, we find similar behavior, and all measurements were
performed in the regime wherg,g is independent of;. FIG. 5. (a) The resonance frequency for tHféCu(2) central
We thus feel confident that our measurBsk values truly  transition as afunction of the angle betweendfexis of the crystal
reflect the intrinsic properties of the system. and the applied field(b) The characteristic powder pattern for the

Our previous studies of YB&u,Oj at high temperaturés NMR absorption streng_th versus frequency, given the angular de-
were limited by anomalous effects seen in the data abovBEndence of the NMR line position.
450 K. Specifically we found a sudden drop in the measured
T,c, as well as changes in the line shape above this temuniform spin susceptibilityyo(T). Ideally this measurement
perature. We believe that the anomalous behavior above 50@ould be done using single crystals or an oriented powder by
K in the previous sample was due to some extrinsic effectsimply aligning thec axis of the sample perpendicular to the
perhaps from aging or thermal cycling. In the present studyield. Unfortunately the epoxy commonly used for oriented
using a different sample we see none of these effects, apowders, Stycast 1266, oxidizes abové&00 K precluding
though there is a reproducible change in the slop@£f  any high-temperature studies. Furthermore, no single crystals
above 500 K. In the new sample, though, there were nef YBa,Cu,Og of sufficient size were available to us. Thus in
accompanying changes in eithei 1/or the line shape. We order to measuré&, (T) we measured the temperature de-
believe that the present sample shows no anomalous extripendence of the powder pattern and from this extracted the
sic behavior, and that the change in slope at 500 K is amhift.
intrinsic effect brought about by changes in the electronic Figure 5 illustrates this method. Pan&) shows the
system, as discussed below. 83Cu(2) resonance frequency of the central transition as a

The measurements of the magnetic sKiftvere made in  function of the angleg, between the axis of the crystallite
a field of 8.31 T using a nitrogen dewar for temperaturesand the fieldH,. The frequency change with angle results
between 77 K and room temperature, and a laboratory-buifrom a combination of quadrupole coupling and Knight-shift
high-temperature probe for temperatures up to 70KKs  anisotropy. Panelb) shows the characteristic spectrum that
actually the sum of the temperature-independent orbital shifarises for a random distribution of angles. The singularity, or
K°® and the Knight shifik3(T). For thec axis parallel to  “horn,” at the upper end corresponds to crystallites oriented
the static fieldH,, the sum of the hyperfine constans,  perpendicular to the field. By measuring the position of this
+4B, is approximately zero and consequently there is ndorn one can study the magnetic skift selectively. Experi-
significant temperature dependencekip A andB are the  mentally, this singularity is washed out because of a distri-
on-site and nearest-neighbor hyperfine constants for the Coution of quadrupole frequencies. This effect is mathemati-
nucleus in the Mila-Rice HamiltonighWhen the field is cally equivalent to convoluting the spectrum with a Gaussian
oriented perpendicular to theaxis, however, the sum of the function. Figure 6 shows the experimental point by point
hyperfine constants does not vanish. Thus by measurinfjequency spectrum, and a fit to a convoluted powder pattern.
K, (T), one can measure the temperature dependence of tidne dotted line shows the ide@inconvolutedl spectrum.
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direction as a function of temperature when the static magnetic field
. x Fu is perpendicular to the crystal axis. A temperature-independent
95.6 95.7 95.8 95.9 96.0 orbital contribution has been subtracted off, as given in Ref. 2.

Frequency (MHz)
within their quoted precisior: 0.032%, except for tempera-
FIG. 6. The experimental frequency spectrum showing the horrtures greater than-475 K, above which our data appear to
at 90°. The solid circles are the data at 475 K with the baselineeach a maximum rather than increase monotonically.
subtracted, the dotted line is the ideal powder pattern in the absence
of NQR broadening, and the solid line is powder pattern which has

been convoluted with a Gaussian distribution. RESULTS AND DISCUSSION

The quantitiesT;, T,g, andKS reveal important proper-
One can see that the convolution displaces the position of thges of the electronic spin system in the normal state of the
singularity to lower frequencies. To measure the true magcyprates. Based on the Mila-Rfcene-component model of
netic shift one must account for this offset. We found that Wethe interaction of the copper nuclear Spins with the local

could fit our spectra by convolution with a Gaussian of widthelectronic spin density, one can derive expressions for these

quantities*?
W= —— Vo— Vo,
dvg 2 8y 9 S (A, +4B)
KT(T)=——57 xo(T), (7)
. . . 1 h2
whereA is the second-order correction to the central transi- YnYe

tion due to the quadrupolar couplifgy(T) is the NQR

frequency, vy is the Larmor frequency, andvq is the 63v—1_ kgT 2 63 x"(q,w)
Gaussian width of the NQR resonance. The offset in fre- 172,20 I'mo - Fpld) = — ®
guency was then determined and added to the measured peak e

position. One can then proceed to calculate the magnetic

shift using the exact formula for the perpendicular central srr—2_ 969 11 & gy 2 i o
transition frequency: 3TZG_12867 N % Fer(d)°x"(9.0
1 2 2 2 1 63 ’ ?
v (T)= 5 o= 2vorg(1+K ) +4r(1+K,) SN2 Fe@x' @O | |, ©
1 ) .
= 2T T T A,2(1+ 2 where A, andB are the hyperfine coupling constants, and
2 Vrg+ 2roro(1+K, ) +4r5(1+K,) 8% 5 o are the form factors for the copper nuclei, as dis-

5 cussed in Ref. 4y’ (q,w) is the real part of the dynamical
—vo(1+Ky), ©®) electron-spin susceptibility at wave vectgrand frequency

where, is the horn frequency. One can measure these pd? @1d x"(q,) is the imaginary part. The expressions for
rameters with high precision since they are all determined 1 @1dT2c can be simplified considerably by using the Mil-
from point by point line shaped.We estimate that our un- i Monien, and Pine$MMP) form for the susceptibility’
certainty in the total magnetic shift is 0.010% (this is in [s_ee Eq(15) below] and assuming that the correlation Iength
units of percent ofy, i.e., Av/v). The Knight-shift datakS ¢ is large compared to the lattice constant. One then obtains

are shown in Fig. 7. In this plot, we have subtracted the

orbital shift K°®=0.289% as reported in Ref. 2. Our data

6T, T=(132 sK/eV) -2 (10
agree quantitatively with the data of Zimmermasnal? a’



56 HIGH-TEMPERATURE 53Cu(2) NUCLEAR QUADRUPOIE . . . 881

(Fl (295 eVigas (11) 2000
= ak,
2G/ NMR __ 4000+ %
wherewg; is the characteristic energy of the spin fluctuations, i‘é 3000 $ 3
a is a parameter in the MMP susceptibility given by E, _______ ) ‘i‘éi"i“?’iﬁiiﬂﬁ AAAAAA
XQ/§2’ andyq is the susceptibility aQ@=(=/a,w/a). These " 2000 T
forms have no assumptions about the temperature depen-
dences of the parametess wg, and & Note that Eq.(11) 1000 500K
was derived for the NMRT,¢, but for NQR one hd$ @
1 sl 0 200 400 600 800
(T_) :m T_) . (12) Temperature (K)
2G/NQr 2G/ NMR 80
An extensive body of theoreti¢a® and experimental £~ 60 i

work®® has provided evidence for the magnetic scaling be- i e
havior in the normal state of the doped cuprates, expressed in f’ 0 8 500K
terms of a relationship betweany and & wq~¢& % Re- .:8 o
cently Barzykin and PinetBP) proposed a phase diagram - ¥ Q‘iigi i
for the magnetic behavior in these materials as a function of 207 e $ta38es--
planar hole doping and temperature. They identify two cross-
over temperaturesT* and T, which vary with doping. o5 200 400 800 800
They propose that betweer* and T, one should find a Temperature (K)
possibly nonuniversalz=1 scaling regime, subsequently
termed pseudoscaling by Pines, characterizedwly- £ * FIG. 8. (@) The NQRT,T/T,¢ as a function of temperature

~T. At temperatures below*, the “pseudogap” regime, from about 200 to 500 K, this ratio is independent of temperature.
the correlation lengtlf saturates at some finite value, while (b) The NQRT,T/T3; as a function of temperature. For tempera-
wg reaches a minimum and then starts to increase with deres above 500 K, this ratio is independent of temperature. To-
creasing temperature. AboWg, the system exhibits nonuni- 9ether,(a) and (b) show a crossover in behavior at about 500 K.
versal,z=2 mean-field behavior characterized by the rela-The open circles are the data of Corelyal. (Ref. 3 and the solid
tion we~ g*ZNT_ circles are the data in the prese_nt study._Tht_e data shown have not
YBa,Cu,O; is especially well suited for studying this been corrected for the _spln-lattlce contrlbgthm_ote that these
phase diagram because it does not lose oxygen at high te alues are calc_:ulated using the NQRg, which differs from the
peratures as do the YBau,0,_ s materials. YBaCu,Og also MR case as in B 12).]
has a planar hole doping believed to be equivalent to . .
YBa,Cu:0g 5+ Which corresponds to a crucial part of the ever, show a clear change_ in begawor _at_ a temperature
phase diagram proposed by BP. Coral. recently dem- ~500 K. Whereas below thi§,T/T54 eX.hI.bIt!.S a strong
onstrated the crossover behavioff4t, but there has been no €mperature dependence, above 500 K it is independent of

conclusive evidence that a crossoverTat exists. At this (€mperature. In the BP model, this change is interpreted as
temperature, BP claim that the static spin susceptibilityev'dence for a crossover to the nonunivesalk mean-field

Yo(T), reaches a maximum, and this of the order of two ’regimg of t_he phase diagram. We note that this change in
lattice spacings. Now, in the QC scaling regimeg< £ 2, o behavior arises only from a change in slopél'g§ , whereas

for z=1 scaling the ratio T,T appears to have a simple linear dependence above 215
K. In fact, T, is independent of temperature in this region.
T.T The Knight-shift data provide a second piece of evidence
T wsié (13)  for the existence of an upper temperature crossover. The data

in Fig. 7 exhibit a broad maximum at 500 K, the same tem-
is independent of temperature. On the other hand, for meanperature at which the crossover was noted in the relaxation
field z=2 behavior abov@.,, one expects &2 is constant.  times. The value of the Knight shift at our highest tempera-
Furthermore, BP make the assumption thds temperature ture (715 K) is 90% of the maximum value near 500 K. The
independent® so the ratio 90% point on the low-temperature side of the maximum
Knight shift is at 280 K. The average of these two tempera-
T, T _ 5 tures (498 K) occurs at the temperature of the maximum.
?g“‘”stQ_ awsi 14 gy susceptibility measurements on Y8ax0; g4 have not
shown any evidence for a downturn in the spin susceptibility
should be temperature independent abdye In Figs. 88)  up to 630 K!° Such measurements also include contributions
and 8b) we show the measured ratio$;T/T,; and from the copper chain sites which do not necessarily have
T,T/Ts, respectively. In Fig. &) the crossover aT* is  the same temperature dependenceygl) at the planar
clearly evident at 215 K a8, T/T,¢ becomes independent of sites. On the other hand, in £aSr,CuQ,, which does not
temperature for temperatures above this. Above 500 K, thave a copper chain site, bulk susceptibility measurerffents
data appear to increase slightly with temperature, althoughave indicated a downturn igyg(T) at higher temperatures.
the effect is subtle. The data @ T/T5 in Fig. 8b), how- For the antiferromagnetic parent compound,CaQy,
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Imai et al?! found thatT, and T,g were well described by

the theories of Sokcét al?? for a Heisenberg antiferromag- 0.9

net. Moreover, Imai found experimentally that at high tem- os:
peratures thél; was almost independent of doping, so the T
Heisenberg theory should describe thgof the doped ma- 0.7

terials at high temperatures. Recently Sokol, Singh, and 1
Elstnef® (SSB have found an exact solution for the Heisen- 0.6

berg antiferromagnet and used it to calcul@$g in terms of < 0_5_'

the correlation length and the Knight shift with no adjustable g
parameters. They have proposed that this may also give a ™~ 0.4+

good approximation for the lightly doped materials at high 1
temperature$? Accordingly, we have analyzed our data us- 0'3__

ing their expression to deduce the correlation length as a 0.2 ©
function of temperature. We have also used the BP expres- . o
sion following their hypothesis thatis two lattice spacings 0.14

at T, in order to determine the parameter o 200 a0 800 800

The correlation length is extracted by numerically evalu-
ating Eq.(9) for T,¢ using a particular form for the suscep-
tibility. The MMP mean-field form

Temperature (K)

FIG. 9. The calculated inverse correlation length as a function of
temperature. The open circles are found using the susceptibility in
(9, @) ymp= X2Q2 _ , (15) Eq. (16) due to SSE, the solid triangles are using the susceptibility

1+(g— Q)¢ —iw/wg in Eq. (15) and a value ofr so thaté=2a at 500 K, and the solid

gives a particularly simple result for large[see Eq(11)]. ~ Sduares are using a value efso that¢=1.4a at 500 K. The solid
The susceptibility given by SSE for a Heisenberg antiferro-2nd dashed lines are guides to the eye.
magnet is

Fig. 9 show the fits obtained from the MMP susceptibility
Xo(T[1+6(T)] using these two values af This agreement suggests that the
x(Q,0,Tsse=77 T D+ Tew’ (16)  SSE expression is valid at higher temperatures for the doped
v{a a® yttrium materials. Of course, in analogy to the results of Imai
where et al. in Sr-doped LaCuQ,, we do not expect the SSE ex-
pression to hold at lower temperatures.

1 Recall that in the pseudoscaling or QC regithetween
ra)= 2 [cosq.a) +codaya)], (17 T* andT,,) of the BP phase diagram the correlation length is
inversely proportional to temperature and above this the
48%(T) square of the correlation length should be inversely propor-
o(T)= ng(T) (18 tional to temperature. This change in behavior is clearly seen

in Fig. 9. In fact, a better fit to the datas calculated by the

andI’ is a characteristic rate which is unimportant for the MMP expression such that=2a at T,) is obtained by as-
calculation ofT, . Note that the MMP formula is valid only suming a linear temperature dependence, giviga) *
for g close to the antiferromagnetic wave vec@r If one  =0.10+(7.9x10 4K )T for T<500K, and ¢/a) ?
expands the SSE formula far close toQ and for large  =0.29+(4.4<10*K YT for T>500 K. (¢ as calculated
correlation length one recovers the MMP formula with  via the SSE expression exhibits similar behayior
equal to &(T). The uniform susceptibilityyo(T), in this
expression is obtained from the Knight shift. One can then fit CONCLUSIONS
the T, data using Eq(9), leaving&(T) as the only variable
parameter. Since not all of the Knight-shift data points were Our measurements of the temperature dependence of
at the same temperatures as Tg data points, a smoothly T,g at high temperatures show a crossover in behavior at a
interpolated value foll ,¢ was taken. temperaturél ., of 500 K. The crossover is clearly expressed

Curves for& 1(T) are shown in Fig. 9 using the two by examining the temperature dependencd gF/T,s and
expressions for the susceptibility. The fit using the SSE exT;T/T5;. Spin-lattice fluctuations affect the echo decay at
pression is represented by the open circles. In contrast to thdgher temperatures, but can easily be corrected for and do
BP formulation, the SSE expression has no variational panot change the temperature dependencg,gf. Our Knight-
rameters and gives a correlation length ofalat 500 K, a  shift data also show a broad maximum centered about 500 K.
value slightly lower than the BP hypothesis o&.2If one  Both results are in agreement with predictions of Barzykin
choosesa in the BP formula such thaf=1.4a, then the and Pines. Calculations of the correlation length using a
correlation lengths determined by the two expressions agreeory due to Sokol, Singh, and Elstner indicate that of
remarkably well. The BP hypothesis th&t=2a at T, is  the order of one to two lattice spacings at this crossover
based on the assumption that at short correlation length themperature, and lend support to the picture developed by
scaling theory will fail, but whether this occurs &2a or  Barzykin and Pines about the upper crossover temperature
some other value seems somewhat arbitrary and it may bg.. Likewise, the agreement with BP supports the hypoth-
that a value of 1.4 is more realistic. The solid symbols in esis that the SSE expression is valid at higher temperatures
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for at least part of the doping range of the conducting mateshow that in our case there is a small correction since at
rials. Previous work showed the existence of a lower crosshigher temperature$; ~600us andT,g~ 150 us.
over temperaturd™® below whichz=1 scaling no longer Recchiaet al. showed that in the Gaussian-approximation
held true, but ratheé became independent of temperature. formalism the echo height is given byM(27)
—Mge 4”2, where(¢?) is the mean-square phase angle
ACKNOWLEDGMENTS accumulated by the spins in the rotating frame after a
) ) S 7l2-7-m-7 sequence. The phase angle of a particular
We are grateful to Victor Barzykin, David Pines, Alex- nycleus is given by the time integral of the local field. We
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az(r)% mMpn(t), (A3)

APPENDIX

The Gaussian componeiitg of the spin-echo decay in
the high-temperature superconductors traditionally has been b(27)= yf
evaluated under the assumption that the neighboring spins 0
remain static. Walstedt and Chedhglemonstrated that dy-
namical effects are important f&35°Cu and *’O decay in
La; gsSIh1CUO,.  Recently  Recchia, Gorny, and
Penningto®® and Keren etal?’ have shown that in

27

h,(t)dt— yJ h,(t)dt. (Ad)

T

T

Secondly, it redistributes the populations of the levels de-
pending on whether the coupling nucleus is like or unlike,
whether NMR or NQR is employed, and in the case of NMR,

YBa,Cu,O; the echo decays fof®Y and 70 are dominated Wh|ch .tran'smon is observed. For NMR in WhICh'the centr.al
transition is observed ther pulse redistributes like nuclei

by coupling to the Cu nuclei which are modulated in time byaccording to
the spin-lattice fluctuations of the Cu nuclei. Here we evalu-
ate the effect of the CiI'; on the CuT,g in YBa,Cu,Og P T =P 7)) Prad T )=PraaT),
showing that the correction can be obtained and that it is (A5)
small. We apply a generalization of the analysis of Recchia Py 7)) =praa77), PoapTT)=pog(T),
et al. to the ®3Cu decay in which the planar Cu are coupled
indirectly to both like(same isotopeand unlike(other iso-
tope nuclei in the plane.

The Hamiltonian for the indirectly coupled sping®s 0ot 7 =Prad 7 ) Prad )= Py 7)

and for NQR ther pulse redistributes like nuclei according

" (AB)
ha _ +) — _ — , B +\ — B -y
He S ﬁaz(r)lz(rl)lz(r1+r)+TJ—[I+(r1)I—(r1+r) p .1/2(7 ) P A7) p 37 )=p 1/2(.T ).
ry,r#0 For unlike nuclei, the populations are not redistributed. To
calculate($?), one must take the square of Eg@4) and
I (r)l (4o, AD " Gake the thermal average:
coupling constant®’ No analytic expression exists for the
echo decay for such a Hamiltonian for the general case. Pen-
nington and Slichter showed that frequengly<<a, for the s (22
high-temperature superconductors, in which case the prob- +f >
lem is simplified. Assuming that spin-lattice relaxation is m Jr mm
much slower than the echo decdkie static approximation
the echo decay is Gaussian with decay constant:

wherea, anda, are the parallel and perpendicular indirect rlr  frf2r (2r(r
SaINININ|
0Jo oJr T 0

az(r)mm' pp(t) P (t')dt dt’>,

(AT)

where we taképm(t) P (t')) =Pmm ([t=t"|)/4. P (1) is
1 7P ) the probability that if a nucleus is in the stateat timet
T2 ) =5 240 a,(r)*, (A2) =0 then it is in statem’ at timet. These probabilities are
26/ NMR determined from the normal modes for spin-lattice relax-
ation. The time dependence of thg(t) are given by

where "P is the natural abundance of the nucleys(#
=63 or 65 denotes the two Cu isotopes dpm(t)

Validity of the static assumption requires that the spin- T = Wppn(t), (A8)
lattice relaxation time of the Cu nuclei be long and that mu- "
tual spin flips between Cu neighbors be infrequent. Here wavhere
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-3 3 0 0 where \, is the eigenvalue of thenth normal mode(:;
W, 3 -7 4 0 =0, A= —2W,/3, A3=—2Wy, Ay=—4W,).
W= 3| o 4 -7 13 |- (A9) Equation(A7) above gives the contribution for a single
0 0 3 -3 coupled nucleus, but in fact there are couplings to all the

nuclei in the plane. We assume the local field seen by the
Here we use the quantity},=3/(2T,). By transformingtoa observed nucleus is the sum over all the indirectly coupled
basisq=R'p, whereR is the matrix of normalized eigen- sjtes, and that at each site there is 689%€u and 31%
vectors of W, one can determine the normal modes of thesscy, Furthermore, each site fluctuates independently, so
s:pin-lattice relaxation. The.n.by choo_sing the initial condi-g5ch coupling contributes independently #?). Performing
tions such that the system is in that stgtene can show that ¢ jntegrals in Eq(A7), summing over all sites and employ-
the probability that it will make a transition to the stgtés ing Egs.(A2), (A3), (A5), (A6), and(A10), and denotingy
given by for the nucleus under observation, ant for the other iso-

tope we obtain for NMR

Pij(1)= > RimRyieM, (A10)
m
™ -1 9\[ 40 —-18 7'p
In(—) = (—N— MW, 7— 8 e 4"W1734 36 2"W1734 —28}+ S (—)
Mo/  ("Wy"Tog)? \4/] 3 ! ("W, TTye)? | 7P
7"\ 2 , 5 15
X ,7—;) 57'Wyr/3+5e 2" Wi 2 e 4" WS Z}’ (A11)
and for NQR
™ -1 27 117 —-18 7"'p
In| ——| = 55— | 15 "Wy 7+ 36 e 2173 — o= 4"Wyri3_ —} + = (—)
( Mo) ("W, 7T y6)? ! 4 4 ("W, TTye)? | 7P
7\ 2 : 5 15
X ( ﬂ—’;/y) § K W1T+ 56_27] Wyrl3_ Z e‘” Wyrl3_ Z} (A].Z)

For W;7<1 the right-hand side of the equations reduce tonucleusslows downthe echo decay whereas for an unlike

the form f(27)exp(—(27)%/2T5s). The functionf(27) is  nucleus aT, fluctuationincreasesthe echo decay rate. The

given by dephasing caused by a static like nucleus is not refocused by
the 7r pulse, which gives rise to the stafiGg. But if the

—In f(29)="C. "W @4_770 77W2ﬂ
n f(27)="C,"W, "Tge 2"Wy "ngi 180 s
(A13) 1 =
160 - :&:O;D:tI
where %C,=0.7177, ®3C,=—0.2008, ®°C,=1.3276, and 140 e
65C,=—0.3109 for NMR, and 63C,=0.2755, 5C,= 1 P
—0.0830, %°C,=0.5804, and®C,=—0.1393, for NQR. - ] o
Here we have utilized the relatiofw; = (5y/%3y)? 63w, . E 100 o
Note that in these expressions the factonv@fbetween the RS 80 =
NQR and NMRT,g comes out naturally and has been ac- x ] N ¥
counted for. = 80 <
All the parameters in this expression are known, so in- w0d
cluding f(27) in Eq. (1) only introduces a correction to the 1
fitted value forT,g. We find that for our caséNQR of 27
63Cu) this correction is at most 10% for 53Cu at the higher 0 ———
temperatures, but at lower temperatures wherds longer 0 20 400 600 800
the correction is smaller. Furthermore the correction is Temperature (K)
smaller for the®Cu than for the®®Cu. We show the cor- FIG. 10. The NQRT, as a function of temperature showing
rected and uncorrecteh,¢ in Fig. 10. the effects of correcting for the spin-lattice relaxation contribution.

It is interesting to note that the correction is much smallerThe solid squares are the uncorrected values, and the open circles
for NQR than for NMR, reflecting the fact that in NQR there are the corrected values. Note that the correction is smaller at lower
are twice as many like nuclei. A; fluctuation for a like temperatures.
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coupled like nucleus undergoesTa fluctuation, the ob- Il. Each has three other nearest neighbors, each of which can
served nucleus will not dephase as much as it would if thée in one of four nuclear levels. Thus, there is very little
coupled nucleus were static. For unlike nuclei dnyfluc-  chance that nuclei | and 1l have the same local fields. In fact,
tuation will increase the echo decay rate, since in the statiif one assumes that | and Il are in thel/2 levels and are
case the unlike nuclei couplings are refocused. In both NMReach coupled to the three next-nearest neighbors, the prob-
and NQR, the effects of; fluctuations of like and unlike ability that | and Il will have identical local fields is only
nuclei partially cancel each other. It happens that for NQR~14%.

the T, fluctuations are more effectively canceled because The second argument for the suppression of mutual spin
there are more like nuclei. flips is the following. If one has mutual spin flips, this pro-

It has been argued that tleg term in Eq.(Al), which  cess should happen randomly and have a correlation time
gives rise to flip-flop processes, is important in associated with it. Recchiet al. studied the echo decay for
La; g5Sh 1CUO, (see Ref. 2h We argue that the flip-flop the Y in YBaCuO;. We expect the ratia,/a, to be large
term is suppressed for the Cu in Y&a,Og. There are two for this material. They show that the Y echo decay results
reasons. We will discuss the case for NMR of thd/2 to  from flips of the Cu nuclei. They found that they could fit
—1/2 transition. In order for two nuclei to undergo a mutualtheir data exactly using only the spin-lattice fluctuations of
spin flip, they must be able to conserve energy. The twdhe planar Cu to limit its lifetime in a state. One would ex-
nuclei must be like nuclei, and the local fields at two nucleipect that if mutual spin flips between the planar Cu were
must also be similar. Consider then mutual spin flips beindeed important then the Y echo decay would have an extra
tween nearest-neighbor nuclei which we designate as | ancbomponent associated with the correlation time for spin flips.
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