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We report data on the Gaussian transverse relaxation rate 1/T2G , the Knight shiftKs, and the spin-lattice
relaxation timeT1 , in YBa2Cu4O8 from 100 K up to 715 K, extending the upper temperature of previous
studies by 200 K. TheT2G data are corrected for a small spin-lattice fluctuation contribution to the echo decay.
Calculations ofT1T/T2G and T1T/T2G

2 show that there is a crossover in scaling behavior at a temperature
Tcr;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.
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INTRODUCTION

We have measured the nuclear quadrupole reson
~NQR! spin-lattice relaxation rate 1/T1 , the NQR spin-spin
relaxation rate 1/T2G , and the nuclear magnetic resonan
~NMR! shift K of the planar63Cu in YBa2Cu4O8 between 77
and 715 K. Although this material has been studied ext
sively by other groups,1–3 no data on 1/T2G , or the Knight
shift above 500 K have been reported previously, to
knowledge. We extend the data to higher temperatures
confirm a recent conjecture made by Barzykin and Pin4

concerning the magnetic scaling behavior of this materia
high temperatures. Specifically, our data support the hyp
esis that the electronic spin system crosses over from a q
tum critical ~QC! z51 scaling regime to a nonunivers
mean-field regime withz52 when the temperature excee
Tcr;500 K. Furthermore, we find that Knight shift reaches
maximum at this temperature.

EXPERIMENT

The sample is an unaligned powder with a roo
temperature NQR linewidth of 190 kHz at full width ha
maximum. It was prepared as described in Ref. 5. The
perconducting transition temperature was measured to b
K using a superconducting quantum interference dev
magnetometer. These quantities are comparable to those
sample studied previously3 which had a transition tempera
ture of 81 K and a NQR linewidth of 160 kHz. An unaligne
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powder was necessary because the epoxy used to
aligned samples limits the upper temperature at which m
surements can be performed to about 500 K. A magnetic
shielded probe designed for high-temperature studies
used for all of the NQR measurements to eliminate err
from ambient magnetic fields~see below!. The spin-lattice
relaxation rates, 1/T1 , were obtained with the standard inve
sion recovery pulse sequence and the data were fit to a s
exponential recovery function, as described elsewhere.3 The
data are shown in Figs. 1~a! and 1~b!. For comparison the
data of Coreyet al. are shown, which go only up to 500 K
The new data agree well with the previous measureme
and extend up to 715 K.

For the spin-spin relaxation times, the envelope of
echo decay was measured using a 90-t-180 pulse sequenc
and the Gaussian part of the decay,T2G , was extracted by
fitting to the function:

S~2t!5S~0!e22t/T2Re2~2t!2/2T2G
2
f ~2t!. ~1!

Here f (2t) is a contribution to the echo decay caused
spin-lattice fluctuations. Echo decays for the planar Cu in
high-Tc materials traditionally have been interpreted und
the assumption that the neighboring spins remain static
ing the time scale of the echo decay. In the Appendix
show that there is a small spin-lattice contribution
YBa2Cu4O8 which can be corrected for. This correction
typically of the order of 1–3 %, and does not qualitative
877 © 1997 The American Physical Society
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affect the temperature dependence ofT2G . T2R is the Lorent-
zian or Redfield part of the decay, which is set independe
by the relation

1

T2R
5

~b1R!

T1
, ~2!

whereR is the anisotropy ratio andb52 for NQR. We have
used the value 3.3 forR.6 We found that we could fit the dat
adequately at all temperatures with this procedure, and
not have to include any extra Lorentzian components
higher temperatures. Figure 2 shows a typical data set
which this Lorentzian part has been divided out. The d
show clear Gaussian behavior extending over one and a
decades of signal intensity. Figure 3 showsT2G as a function
of temperature up to 715 K.

Measurements of the intrinsic value of spin-echo de
time T2G can be obscured easily by spurious effects. Pre
ous studies3 reported that the NQRT2G is depressed by the
presence of small ambient fields on the order of a few Ga
In order to verify this effect, we undertook a systematic m
surement ofT2G in a known external field. A solenoid wa
constructed which applied a static field along theH1 direc-
tion ~the axis of the coil!. The whole assembly was the
surrounded by magnetic shielding to minimize uncertain
about the ambient fields in the laboratory. The spin-ec
decay was measured as a function of the dc current in
solenoid. The solenoid fieldB was determined using the re
lation

B5m0NI, ~3!

FIG. 1. ~a! 63Cu(2) spin-lattice relaxation rate 1/T1 as a func-
tion of temperature.~b! T1T as a function of temperature. The ope
circles are the data of Coreyet al. ~Ref. 3! and the solid circles are
from the present study.
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wherem0 is the permeability of free space,I is the dc cur-
rent, andN is the number of turns per unit length. As seen
Fig. 4, even a field as low as 1–2 G can depress the m
sured value significantly. The solid line in the graph is a fit
the equation7

T2G
22~B!5C~63gB!21T2G

22~0!, ~4!

where 63g is the gyromagnetic ratio of copper, andC is a fit
parameter of order unity. The quality of this fit justifies co
rections toT2G based on this formula made in previou
studies.3 Furthermore, the data extrapolated to the zero-fi
value agree with the value measured with the magn
shielding in place. TheT2G data below room temperatur
were taken in a nitrogen dewar which was not magnetica
shielded, so the measured values were corrected using
formula.

FIG. 2. Logarithm of the63Cu(2) NQR echo integral as a func
tion of (2t)2 wheret is the spacing between the 90 and 180° puls
demonstrating the Gaussian character of the decay. The Loren
component has been divided out.

FIG. 3. 63Cu(2) NQRT2G as a function of temperature. Th
open circles are the data of Coreyet al. ~Ref. 3! and the solid
circles are from the present study. The data shown here have
been corrected for spin-lattice contributions.
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56 879HIGH-TEMPERATURE63Cu~2! NUCLEAR QUADRUPOLE . . .
T2G can also be affected by the size of the rad
frequency excitation pulsesH1 relative to the linewidth. For
the case in whichH1 is less than the linewidth,T2G has been
observed8 to increase with increasingH1 in YBa2Cu3O72d.
Coreyet al. report that the NQRT2G in YBa2Cu4O8 is inde-
pendent ofH1 for H1 values greater than;70 kHz. In this
study, we find similar behavior, and all measurements w
performed in the regime whereT2G is independent ofH1 .
We thus feel confident that our measuredT2G values truly
reflect the intrinsic properties of the system.

Our previous studies of YBa2Cu4O8 at high temperatures
3

were limited by anomalous effects seen in the data ab
450 K. Specifically we found a sudden drop in the measu
T2G , as well as changes in the line shape above this t
perature. We believe that the anomalous behavior above
K in the previous sample was due to some extrinsic effe
perhaps from aging or thermal cycling. In the present stu
using a different sample we see none of these effects
though there is a reproducible change in the slope ofT2G
above 500 K. In the new sample, though, there were
accompanying changes in either 1/T1 or the line shape. We
believe that the present sample shows no anomalous ex
sic behavior, and that the change in slope at 500 K is
intrinsic effect brought about by changes in the electro
system, as discussed below.

The measurements of the magnetic shiftK were made in
a field of 8.31 T using a nitrogen dewar for temperatu
between 77 K and room temperature, and a laboratory-b
high-temperature probe for temperatures up to 700 K.K is
actually the sum of the temperature-independent orbital s
Korb, and the Knight shiftKS(T). For thec axis parallel to
the static fieldH0 , the sum of the hyperfine constants,Ai

14B, is approximately zero and consequently there is
significant temperature dependence toK i . A andB are the
on-site and nearest-neighbor hyperfine constants for the
nucleus in the Mila-Rice Hamiltonian.9 When the field is
oriented perpendicular to thec axis, however, the sum of th
hyperfine constants does not vanish. Thus by measu
K'(T), one can measure the temperature dependence o

FIG. 4. The NQRT2G as a function of an applied static mag
netic field. The solid line is a fit to Eq.~4!.
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uniform spin susceptibility,x0(T). Ideally this measuremen
would be done using single crystals or an oriented powde
simply aligning thec axis of the sample perpendicular to th
field. Unfortunately the epoxy commonly used for orient
powders, Stycast 1266, oxidizes above;500 K precluding
any high-temperature studies. Furthermore, no single crys
of YBa2Cu4O8 of sufficient size were available to us. Thus
order to measureK'(T) we measured the temperature d
pendence of the powder pattern and from this extracted
shift.

Figure 5 illustrates this method. Panel~a! shows the
63Cu~2! resonance frequency of the central transition a
function of the angle,u, between thec axis of the crystallite
and the fieldH0 . The frequency change with angle resu
from a combination of quadrupole coupling and Knight-sh
anisotropy. Panel~b! shows the characteristic spectrum th
arises for a random distribution of angles. The singularity,
‘‘horn,’’ at the upper end corresponds to crystallites orient
perpendicular to the field. By measuring the position of t
horn one can study the magnetic shiftK' selectively. Experi-
mentally, this singularity is washed out because of a dis
bution of quadrupole frequencies. This effect is mathem
cally equivalent to convoluting the spectrum with a Gauss
function. Figure 6 shows the experimental point by po
frequency spectrum, and a fit to a convoluted powder patt
The dotted line shows the ideal~unconvoluted! spectrum.

FIG. 5. ~a! The resonance frequency for the63Cu(2) central
transition as a function of the angle between thec axis of the crystal
and the applied field.~b! The characteristic powder pattern for th
NMR absorption strength versus frequency, given the angular
pendence of the NMR line position.
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One can see that the convolution displaces the position o
singularity to lower frequencies. To measure the true m
netic shift one must account for this offset. We found that
could fit our spectra by convolution with a Gaussian of wid

w5
]A

]nQ
DnQ5

3nQ
8n0

DnQ , ~5!

whereA is the second-order correction to the central tran
tion due to the quadrupolar coupling,10 nQ(T) is the NQR
frequency,n0 is the Larmor frequency, andDnQ is the
Gaussian width of the NQR resonance. The offset in f
quency was then determined and added to the measured
position. One can then proceed to calculate the magn
shift using the exact formula for the perpendicular cen
transition frequency:

n'~T!5
1

2
AnQ

2 22n0nQ~11K'!14n0
2~11K'!2

1
1

2
AnQ

2 12n0nQ~11K'!14n0
2~11K'!2

2n0~11K'!, ~6!

wheren' is the horn frequency. One can measure these
rameters with high precision since they are all determin
from point by point line shapes.11 We estimate that our un
certainty in the total magnetic shift is60.010% ~this is in
units of percent ofn, i.e.,Dn/n!. The Knight-shift dataK'

S

are shown in Fig. 7. In this plot, we have subtracted
orbital shift Korb50.289% as reported in Ref. 2. Our da
agree quantitatively with the data of Zimmermannet al.2

FIG. 6. The experimental frequency spectrum showing the h
at 90°. The solid circles are the data at 475 K with the base
subtracted, the dotted line is the ideal powder pattern in the abs
of NQR broadening, and the solid line is powder pattern which
been convoluted with a Gaussian distribution.
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within their quoted precision60.032%, except for tempera
tures greater than;475 K, above which our data appear
reach a maximum rather than increase monotonically.

RESULTS AND DISCUSSION

The quantitiesT1 , T2G , andK
S reveal important proper-

ties of the electronic spin system in the normal state of
cuprates. Based on the Mila-Rice9 one-component model o
the interaction of the copper nuclear spins with the lo
electronic spin density, one can derive expressions for th
quantities:12

63K'
S~T!5

~A'14B!

gnge\
2 x0~T!, ~7!

63T1b
215

kBT

2mB
2\

lim
v→0

(
q

63Fb~q!
x9~q,v!

\v
, ~8!

63T2G
225

0.69

128\2 F 1N (
q

63Feff~q!2x8~q,0!2

2S 1N (
q

63Feff~q!x8~q,0! D 2G , ~9!

whereA' andB are the hyperfine coupling constants, a
63Fb,eff are the form factors for the copper nuclei, as d
cussed in Ref. 4.x8(q,v) is the real part of the dynamica
electron-spin susceptibility at wave vectorq and frequency
v, andx9(q,v) is the imaginary part. The expressions f
T1 andT2G can be simplified considerably by using the M
lis, Monien, and Pines~MMP! form for the susceptibility13

@see Eq.~15! below# and assuming that the correlation leng
j is large compared to the lattice constant. One then obt

63T1T5~132 s K/eV2!
vsf

a
, ~10!
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e
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FIG. 7. The measured63Cu(2) Knight shift in the perpendicula
direction as a function of temperature when the static magnetic fi
is perpendicular to the crystalc axis. A temperature-independen
orbital contribution has been subtracted off, as given in Ref. 2.
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S 1
63T2G

D
NMR

5~295 eV/s!aj, ~11!

wherevsf is the characteristic energy of the spin fluctuatio
a is a parameter in the MMP susceptibility given b
xQ /j

2, andxQ is the susceptibility atQ5(p/a,p/a). These
forms have no assumptions about the temperature de
dences of the parametersa, vsf , andj. Note that Eq.~11!
was derived for the NMRT2G , but for NQR one has14

S 1

T2G
D
NQR

5
&

1.03 S 1

T2G
D
NMR

. ~12!

An extensive body of theoretical4,15 and experimenta
work3,16 has provided evidence for the magnetic scaling
havior in the normal state of the doped cuprates, expresse
terms of a relationship betweenvsf and j: vsf;j2z. Re-
cently Barzykin and Pines~BP! proposed a phase diagra
for the magnetic behavior in these materials as a function
planar hole doping and temperature. They identify two cro
over temperatures,T* and Tcr , which vary with doping.
They propose that betweenT* and Tcr one should find a
possibly nonuniversal,z51 scaling regime, subsequent
termed pseudoscaling by Pines, characterized byvsf;j21

;T. At temperatures belowT* , the ‘‘pseudogap’’ regime,
the correlation lengthj saturates at some finite value, whi
vsf reaches a minimum and then starts to increase with
creasing temperature. AboveTcr the system exhibits nonuni
versal,z52 mean-field behavior characterized by the re
tion vsf;j22;T.

YBa2Cu4O8 is especially well suited for studying thi
phase diagram because it does not lose oxygen at high
peratures as do the YBa2Cu3O72d materials. YBa2Cu4O8 also
has a planar hole doping believed to be equivalent
YBa2Cu3O6.8,

17 which corresponds to a crucial part of th
phase diagram proposed by BP. Coreyet al. recently dem-
onstrated the crossover behavior atT* , but there has been n
conclusive evidence that a crossover atTcr exists. At this
temperature, BP claim that the static spin susceptibil
x0(T), reaches a maximum, and thatj is of the order of two
lattice spacings. Now, in the QC scaling regime,vsf}j2z, so
for z51 scaling the ratio

T1T

T2G
}vsfj ~13!

is independent of temperature. On the other hand, for me
field z52 behavior aboveTcr , one expectsvsfj

2 is constant.
Furthermore, BP make the assumption thata is temperature
independent,18 so the ratio

T1T

T2G
2 }vsfxQ5avsfj

2 ~14!

should be temperature independent aboveTcr . In Figs. 8~a!
and 8~b! we show the measured ratiosT1T/T2G and
T1T/T2G

2 , respectively. In Fig. 8~a! the crossover atT* is
clearly evident at 215 K asT1T/T2G becomes independent o
temperature for temperatures above this. Above 500 K,
data appear to increase slightly with temperature, altho
the effect is subtle. The data onT1T/T2G

2 in Fig. 8~b!, how-
,
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ever, show a clear change in behavior at a tempera
;500 K. Whereas below thisT1T/T2G

2 exhibits a strong
temperature dependence, above 500 K it is independen
temperature. In the BP model, this change is interpreted
evidence for a crossover to the nonuniversalz52 mean-field
regime of the phase diagram. We note that this chang
behavior arises only from a change in slope ofT2G , whereas
T1T appears to have a simple linear dependence above
K. In fact, T1 is independent of temperature in this region

The Knight-shift data provide a second piece of eviden
for the existence of an upper temperature crossover. The
in Fig. 7 exhibit a broad maximum at 500 K, the same te
perature at which the crossover was noted in the relaxa
times. The value of the Knight shift at our highest tempe
ture ~715 K! is 90% of the maximum value near 500 K. Th
90% point on the low-temperature side of the maximu
Knight shift is at 280 K. The average of these two tempe
tures ~498 K! occurs at the temperature of the maximu
Bulk susceptibility measurements on YBa2Cu3O6.84 have not
shown any evidence for a downturn in the spin susceptibi
up to 630 K.19 Such measurements also include contributio
from the copper chain sites which do not necessarily h
the same temperature dependence asx0(T) at the planar
sites. On the other hand, in La22xSrxCuO4, which does not
have a copper chain site, bulk susceptibility measuremen20

have indicated a downturn inx0(T) at higher temperatures
For the antiferromagnetic parent compound La2CuO4,

FIG. 8. ~a! The NQR T1T/T2G as a function of temperature
from about 200 to 500 K, this ratio is independent of temperatu
~b! The NQRT1T/T2G

2 as a function of temperature. For temper
tures above 500 K, this ratio is independent of temperature.
gether,~a! and ~b! show a crossover in behavior at about 500
The open circles are the data of Coreyet al. ~Ref. 3! and the solid
circles are the data in the present study. The data shown have
been corrected for the spin-lattice contribution.@Note that these
values are calculated using the NQRT2G , which differs from the
NMR case as in Eq.~12!.#
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Imai et al.21 found thatT1 andT2G were well described by
the theories of Sokolet al.22 for a Heisenberg antiferromag
net. Moreover, Imai found experimentally that at high te
peratures theT1 was almost independent of doping, so t
Heisenberg theory should describe theT1 of the doped ma-
terials at high temperatures. Recently Sokol, Singh,
Elstner23 ~SSE! have found an exact solution for the Heise
berg antiferromagnet and used it to calculateT2G in terms of
the correlation length and the Knight shift with no adjusta
parameters. They have proposed that this may also gi
good approximation for the lightly doped materials at hi
temperatures.24 Accordingly, we have analyzed our data u
ing their expression to deduce the correlation length a
function of temperature. We have also used the BP exp
sion following their hypothesis thatj is two lattice spacings
at Tcr in order to determine the parametera.

The correlation length is extracted by numerically eva
ating Eq.~9! for T2G using a particular form for the suscep
tibility. The MMP mean-field form

x~q,v!MMP5
xQ

11~q2Q!2j22 iv/vsf
, ~15!

gives a particularly simple result for largej @see Eq.~11!#.
The susceptibility given by SSE for a Heisenberg antifer
magnet is

x~q,v,T!SSE5
x0~T!@11u~T!#

11u~T!g~q!1 iGqv
, ~16!

where

g~q!5
1

2
@cos~qxa!1cos~qya!#, ~17!

u~T!5
4j2~T!

114j2~T!
, ~18!

andGq is a characteristic rate which is unimportant for t
calculation ofT2G . Note that the MMP formula is valid only
for q close to the antiferromagnetic wave vectorQ. If one
expands the SSE formula forq close toQ and for large
correlation length one recovers the MMP formula witha
equal to 8x0(T). The uniform susceptibility,x0(T), in this
expression is obtained from the Knight shift. One can then
theT2G data using Eq.~9!, leavingj(T) as the only variable
parameter. Since not all of the Knight-shift data points w
at the same temperatures as theT2G data points, a smoothly
interpolated value forT2G was taken.

Curves for j21(T) are shown in Fig. 9 using the tw
expressions for the susceptibility. The fit using the SSE
pression is represented by the open circles. In contrast to
BP formulation, the SSE expression has no variational
rameters and gives a correlation length of 1.4a at 500 K, a
value slightly lower than the BP hypothesis of 2a. If one
choosesa in the BP formula such thatj51.4a, then the
correlation lengths determined by the two expressions a
remarkably well. The BP hypothesis thatj52a at Tcr is
based on the assumption that at short correlation length
scaling theory will fail, but whether this occurs atj52a or
some other value seems somewhat arbitrary and it may
that a value of 1.4a is more realistic. The solid symbols i
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Fig. 9 show the fits obtained from the MMP susceptibili
using these two values ofa. This agreement suggests that t
SSE expression is valid at higher temperatures for the do
yttrium materials. Of course, in analogy to the results of Im
et al. in Sr-doped La2CuO4, we do not expect the SSE ex
pression to hold at lower temperatures.

Recall that in the pseudoscaling or QC regime~between
T* andTcr! of the BP phase diagram the correlation length
inversely proportional to temperature and above this
square of the correlation length should be inversely prop
tional to temperature. This change in behavior is clearly s
in Fig. 9. In fact, a better fit to the data~as calculated by the
MMP expression such thatj52a at Tcr! is obtained by as-
suming a linear temperature dependence, giving (j/a)21

50.101~7.931024 K21!T for T,500 K, and (j/a)22

50.291~4.431024 K21!T for T.500 K. ~j as calculated
via the SSE expression exhibits similar behavior!.

CONCLUSIONS

Our measurements of the temperature dependenc
T2G at high temperatures show a crossover in behavior
temperatureTcr of 500 K. The crossover is clearly express
by examining the temperature dependence ofT1T/T2G and
T1T/T2G

2 . Spin-lattice fluctuations affect the echo decay
higher temperatures, but can easily be corrected for and
not change the temperature dependence ofT2G . Our Knight-
shift data also show a broad maximum centered about 50
Both results are in agreement with predictions of Barzy
and Pines. Calculations of the correlation length using
theory due to Sokol, Singh, and Elstner indicate thatj is of
the order of one to two lattice spacings at this crosso
temperature, and lend support to the picture developed
Barzykin and Pines about the upper crossover tempera
Tcr . Likewise, the agreement with BP supports the hypo
esis that the SSE expression is valid at higher temperat

FIG. 9. The calculated inverse correlation length as a function
temperature. The open circles are found using the susceptibilit
Eq. ~16! due to SSE, the solid triangles are using the susceptib
in Eq. ~15! and a value ofa so thatj52a at 500 K, and the solid
squares are using a value ofa so thatj51.4a at 500 K. The solid
and dashed lines are guides to the eye.
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56 883HIGH-TEMPERATURE63Cu~2! NUCLEAR QUADRUPOLE . . .
for at least part of the doping range of the conducting ma
rials. Previous work showed the existence of a lower cro
over temperatureT* below which z51 scaling no longer
held true, but ratherj became independent of temperature

ACKNOWLEDGMENTS

We are grateful to Victor Barzykin, David Pines, Alex
ander Sokol, and Andrey Chubukov for many illuminatin
discussions. We thank Dr. M. Takigawa for pointing out
error in two of our equations in an earlier version of t
paper. We also wish to thank Dylan Smith and Craig Millin
for help in taking the data, and Bob Corey and Raivo St
for discussions of their previous work. This work has be
supported by the Science and Technology Center for Su
conductivity under NSF Grant No. DMR91-20000~CPS,
NC, BD, TI! and the U.S. DOE Division of Materials Re
search under Grant No. DEFG02-91ER45439~CPS, NC!.

APPENDIX

The Gaussian componentT2G of the spin-echo decay in
the high-temperature superconductors traditionally has b
evaluated under the assumption that the neighboring s
remain static. Walstedt and Cheong25 demonstrated that dy
namical effects are important for63,65Cu and 17O decay in
La1.85Sr0.15CuO4. Recently Recchia, Gorny, an
Pennington26 and Keren et al.27 have shown that in
YBa2Cu3O7 the echo decays for

89Y and 17O are dominated
by coupling to the Cu nuclei which are modulated in time
the spin-lattice fluctuations of the Cu nuclei. Here we eva
ate the effect of the CuT1 on the CuT2G in YBa2Cu4O8
showing that the correction can be obtained and that i
small. We apply a generalization of the analysis of Recc
et al. to the 63Cu decay in which the planar Cu are coupl
indirectly to both like~same isotope! and unlike~other iso-
tope! nuclei in the plane.

The Hamiltonian for the indirectly coupled spins is28

H5 (
r1 ,rÞ0

\az~r !I z~r1!I z~r11r !1
\a'

2
@ I1~r1!I2~r11r !

1I2~r1!I1~r11r !#, ~A1!

whereaz anda' are the parallel and perpendicular indire
coupling constants.29 No analytic expression exists for th
echo decay for such a Hamiltonian for the general case. P
nington and Slichter showed that frequentlya'!az for the
high-temperature superconductors, in which case the p
lem is simplified. Assuming that spin-lattice relaxation
much slower than the echo decay~the static approximation!,
the echo decay is Gaussian with decay constant:

S 1
hT2G

2 D
NMR

5
hP

8 (
rÞ0

az~r !
2, ~A2!

where hP is the natural abundance of the nucleush ~h
563 or 65 denotes the two Cu isotopes!.

Validity of the static assumption requires that the sp
lattice relaxation time of the Cu nuclei be long and that m
tual spin flips between Cu neighbors be infrequent. Here
-
s-

n
n
r-

en
ns

-

is
ia

n-

b-

-
-
e

show that in our case there is a small correction since
higher temperaturesT1;600ms andT2G;150ms.

Recchiaet al. showed that in the Gaussian-approximati
formalism the echo height is given byM (2t)
5M0e

2^f2&/2, where ^f2& is the mean-square phase ang
accumulated by the spins in the rotating frame after
p/2-t-p-t sequence. The phase angle of a particu
nucleus is given by the time integral of the local field. W
take the local field to be given by the indirect couplings
the other Cu nuclei in the plane. For a single coupling,
local field is

hz~ t !5
21

g
az~r !(

m
mpm~ t !, ~A3!

wherem is the I z quantum number andpm(t) is one if the
state is occupied and zero if not. Thep pulse at timet has
two effects. First, it acts as though it changed the direction
precession for the observed nucleus, which effectiv
changes the sign of the local fieldhz(t) and hence the sign o
the phase accumulated fort.t. Thus,

f~2t!5gE
0

t

hz~ t !dt2gE
t

2t

hz~ t !dt. ~A4!

Secondly, it redistributes the populations of the levels
pending on whether the coupling nucleus is like or unlik
whether NMR or NQR is employed, and in the case of NM
which transition is observed. For NMR in which the centr
transition is observed thep pulse redistributes like nucle
according to

p11/2~t1!5p21/2~t2!, p13/2~t1!5p13/2~t2!,
~A5!

p21/2~t1!5p11/2~t2!, p23/2~t1!5p23/2~t2!,

and for NQR thep pulse redistributes like nuclei accordin
to

p11/2~t1!5p13/2~t2!, p13/2~t1!5p11/2~t2!,
~A6!

p21/2~t1!5p23/2~t2!, p23/2~t1!5p21/2~t2!.

For unlike nuclei, the populations are not redistributed.
calculate^f2&, one must take the square of Eq.~A4! and
take the thermal average:

^f2&5K E0tE0t2E
0

tE
t

2t

2E
t

2tE
0

t

1E
t

2tE
t

2t

(
m,m8

az
2~r !mm8pm~ t !pm8~ t8!dt dt8L ,

~A7!

where we takêpm(t)pm8(t8)&5Pmm8(ut2t8u)/4. Pmm8(t) is
the probability that if a nucleus is in the statem at time t
50 then it is in statem8 at time t. These probabilities are
determined from the normal modes for spin-lattice rela
ation. The time dependence of thepm(t) are given by

dpm~ t !

dt
5(

n
Wmnpn~ t !, ~A8!

where
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W5
W1

3 S 23
3
0
0

3
27
4
0

0
4

27
3

0
0
3

23
D . ~A9!

Here we use the quantityW153/(2T1). By transforming to a
basisqW 5R21pW , whereR is the matrix of normalized eigen
vectors ofW, one can determine the normal modes of t
spin-lattice relaxation. Then by choosing the initial con
tions such that the system is in that statei , one can show tha
the probability that it will make a transition to the statej is
given by

Pi j ~ t !5(
m

RjmRmi
21elmt, ~A10!
t

c

in
e

i

lle
re
e
-

where lm is the eigenvalue of themth normal mode~l1

50, l2522W1/3, l3522W1 , l4524W1).
Equation~A7! above gives the contribution for a sing

coupled nucleus, but in fact there are couplings to all
nuclei in the plane. We assume the local field seen by
observed nucleus is the sum over all the indirectly coup
sites, and that at each site there is 69%63Cu and 31%
65Cu. Furthermore, each site fluctuates independently,
each coupling contributes independently to^f2&. Performing
the integrals in Eq.~A7!, summing over all sites and employ
ing Eqs.~A2!, ~A3!, ~A5!, ~A6!, and~A10!, and denotingh
for the nucleus under observation, andh8 for the other iso-
tope we obtain for NMR
lnS hM

M0
D5

21

~hW1
hT2G!2 S 94D F403 hW1t2 8 e24hW1t/3136e22hW1t/31 228G1

218

~h8W1
hT2G!2

S h8P
hP

D
3S h8g

hg
D 2F5h8W1t/315e22h8W1t/32

5

4
e24h8W1t/32

15

4 G , ~A11!

and for NQR

lnS hM

M0
D5

21

~hW1
hT2G!2 F15 hW1t1 36 e22hW1t/32

27

4
e24hW1t/32

117

4 G1
218

~h8W1
hT2G!2

S h8P
hP

D
3S h8g

hg
D 2F53 h8W1t15e22h8W1t/32

5

4
e24h8W1t/32

15

4 G . ~A12!
e
e
d by

g
n.
ircles
wer
ForW1t!1 the right-hand side of the equations reduce
the form f (2t)exp„2(2t)2/2T2G

2
…. The function f (2t) is

given by

2 ln f ~2t!5hC1
hW1

~2t!3

hT2G
2 1hC2

hW1
2 ~2t!4

hT2G
2 ,

~A13!

where 63C150.7177, 63C2520.2008, 65C151.3276, and
65C2520.3109 for NMR, and 63C150.2755, 63C25
20.0830, 65C150.5804, and 65C2520.1393, for NQR.
Here we have utilized the relation65W15(65g/63g)2 63W1 .
Note that in these expressions the factor of& between the
NQR and NMRT2G comes out naturally and has been a
counted for.

All the parameters in this expression are known, so
cluding f (2t) in Eq. ~1! only introduces a correction to th
fitted value forT2G . We find that for our case~NQR of
63Cu! this correction is at most;10% for 63Cu at the higher
temperatures, but at lower temperatures whereT1 is longer
the correction is smaller. Furthermore the correction
smaller for the63Cu than for the65Cu. We show the cor-
rected and uncorrectedT2G in Fig. 10.

It is interesting to note that the correction is much sma
for NQR than for NMR, reflecting the fact that in NQR the
are twice as many like nuclei. AT1 fluctuation for a like
o

-

-

s

r

nucleusslows downthe echo decay whereas for an unlik
nucleus aT1 fluctuation increasesthe echo decay rate. Th
dephasing caused by a static like nucleus is not refocuse
the p pulse, which gives rise to the staticT2G . But if the

FIG. 10. The NQRT2G as a function of temperature showin
the effects of correcting for the spin-lattice relaxation contributio
The solid squares are the uncorrected values, and the open c
are the corrected values. Note that the correction is smaller at lo
temperatures.
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coupled like nucleus undergoes aT1 fluctuation, the ob-
served nucleus will not dephase as much as it would if
coupled nucleus were static. For unlike nuclei anyT1 fluc-
tuation will increase the echo decay rate, since in the st
case the unlike nuclei couplings are refocused. In both NM
and NQR, the effects ofT1 fluctuations of like and unlike
nuclei partially cancel each other. It happens that for NQ
the T1 fluctuations are more effectively canceled becau
there are more like nuclei.

It has been argued that thea' term in Eq.~A1!, which
gives rise to flip-flop processes, is important
La1.85Sr0.15CuO4 ~see Ref. 25!. We argue that the flip-flop
term is suppressed for the Cu in YBa2Cu4O8. There are two
reasons. We will discuss the case for NMR of the11/2 to
21/2 transition. In order for two nuclei to undergo a mutu
spin flip, they must be able to conserve energy. The t
nuclei must be like nuclei, and the local fields at two nuc
must also be similar. Consider then mutual spin flips b
tween nearest-neighbor nuclei which we designate as I
he

tic
R

R
se

n

al
o
ei
e-
and

II. Each has three other nearest neighbors, each of which
be in one of four nuclear levels. Thus, there is very litt
chance that nuclei I and II have the same local fields. In fa
if one assumes that I and II are in the61/2 levels and are
each coupled to the three next-nearest neighbors, the p
ability that I and II will have identical local fields is only
;14%.

The second argument for the suppression of mutual s
flips is the following. If one has mutual spin flips, this pro
cess should happen randomly and have a correlation ti
associated with it. Recchiaet al. studied the echo decay for
the Y in YBa2Cu3O7. We expect the ratioaz /a' to be large
for this material. They show that the Y echo decay resu
from flips of the Cu nuclei. They found that they could fi
their data exactly using only the spin-lattice fluctuations
the planar Cu to limit its lifetime in a state. One would ex
pect that if mutual spin flips between the planar Cu we
indeed important then the Y echo decay would have an ex
component associated with the correlation time for spin flip
t

c

e

B
t.

P.

lf-
e-

.
.
.

v.

.

D.
*Also at Department of Chemistry, University of Illinois a
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