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NMR transverse relaxation (TR) measurements’6X2,3) in YBa,Cuws('°0,-.'70,); are presented.
A Gaussian-like relaxation is found. The origin of this relaxation is investigated by vagyirige
temperature, the external field, and by comparing it with'fl4) site. Our results are consistent with
a model in which this relaxation is caused by the dynamical fluctuation of copper nuclei, including both
spin-lattice and flip-flop processes. With this model we can also explain the PR aind *Cu(1).
We use our results to reanalyze previous NRRuU(2) TR data and find the dynamical exponent 1.
[S0031-9007(97)02758-0]

PACS numbers: 74.25.Nf, 74.62.Dh, 74.72.Bk

Transverse and longitudinal nuclear spin relaxation In YBCO,, the echo decay of the plane copper
measurements, carried out by spin echo NMR, have bedf’Cu(2)] has the form M,(27) = exd —27/To —
very successful in determining some of the eIectronio%(zT/TZG)Z], whereM,(0) = 1. Up to now, the Gauss-
properties of highf,. superconductors. The comparisonian part ofM, has been accounted for solely by the pure
between®Y, 7O, and%%Cu longitudinal relaxation in static case d, > a,) of like-spins coupling [2] where
YBa,Cu;0, (YBCO,) gave the first clues to the existence it is given by (T5¢) 2 = g > rola:(R)|*. The sum is
of antiferromagnetic correlations in the normal statetaken over all copper sites at positid®, and c is the
[1], and 3%5Cu transverse relaxation (TR) provided theisotopic concentration. The dynamical contributions of
temperature dependence of the static part of the staggeregther the like-spins coupling or the unlike-spins coupling
susceptibilityy (Qar) [2-5]. Recently, the interpretation are considered to be negligible, or to contribute only to
of copper TR has been taken even further and is nowhe Lorentzian part of the echo decay.
used to distinguish betwean andd-wave theories [6], as In this Letter we show, both experimentally and the-
well as between models of critical behavior in the normaloretically, thatthe Gaussian part of the echo decay can
state [7,8]. In contrast, there is very little published datacontain unlike-spins dynamical contribution as welin
on the TR of’O in YBCO [9], and the forces which particular, the'’O has a Gaussian TR which stems solely
control it are not understood. As we demonstrate herefrom these dynamical modulations. We account for this
studying this relaxation provides the clue to understandingR by a model which is based on dipolar field fluctuations
the TR of all nuclear species in the structure, other thamt the oxygen site due to copper nuclear spin dynamics;
the plane copper®{®*Cu(2)]. In addition, it allows us the same model was used by Walstedt and Cheong to ex-
to clarify some of the assumptions used#’Cu(2) TR plain the echo decay 6fO in La 55Sr, ;sCuQ; at 100 K
data analysis, and leads to a reevaluation of the dynamical means of Monte Carlo simulations [11]. We, in con-
critical exponentz. We find thatz = 1, and not2 as trast, develop an analytical approach which allows us to
previously thought [8]. Finally, we hope that our findings obtain the total copper fluctuation rate from tH® TR
will accelerate the ongoing efforts to use TR of otherwhile also explaining the TR data éfY and the chain
nuclei as probes of the Cu@lectronic system [10]. copper f>9Cu(1)]. Based on our model we show how

The TR is measured by ar/2-7 pulse sequence. to subtract the contribution of unlike-spins coupling to
The pulses are separated by timeand an echo appears %36Cy(2) TR. This allows a more accurate determina-
at time 27 with an amplitudeM, which decreases with tion of %34, [and therefore ofy (Qar)] [2—-5].
increasingr. The rate of echo size decay is usually Our measurements are performed on YBa
ascribed to two elements: () the Lorentzian contribution(1¢Q,_.170.); samples in whicH’O is exchanged mainly
of the spin lattice relaxationl(7>;), and (ll) the nuclear with the planar O(2,3) and apical O(4) sites by the method
spin-spin relaxation. The latter contribution reflectsdescribed in Ref. [12]. We prepared samples in which
on the coupling constants in the secular part of thee = 0.2, 0.06, and 0.02. These ratios are verified by
two spin nuclear HamiltoniardH 1, = Al Va l; . 1;, + intensity measurements of the NMR signal. The samples
“Ja,(li+1- + I;-1;+)/4], where a, =a, + a,. are also oriented in the method detailed in Ref. [13]. The
When the nuclear spink andI; belong to the same iso- TR measurements are made on the oxygen central line
tope (“like spins”), the perpendicular coupling. gen-  (+1/2 transition) in a fieldH || ¢ of 7.5 T. We record
erates the flip-flop transitions (“dynamical” TR) and thethe entire echo intensity afté@r and Fourier transform
longitudinal couplingz is responsible for nonrefocusable it to obtain the spectral line. We then integrate only the
field fluctuations (“static” TR). high frequency half of the spectrum of the O(2,3) line,

0031-900797/78(18)/3547(4)$10.00  © 1997 The American Physical Society 3547



VOLUME 78, NUMBER 18 PHYSICAL REVIEW LETTERS 5 My 1997

thus avoiding contamination from parts of the sampletermined by two parameters: the line widthVA of the
which have oxygen deficiencies. These deficiencies causestantaneous field distribution, caused by nugleit the
a distribution of internal fields and shift the line towardssite of nucleii, and the fluctuation ratér of nuclei ;.
lower frequencies. By using a short repetition time of theThe Gaussian dynamical relaxation rate was given by
pulse sequence (every 0.05 sec) we almost saturate the (deyn),z =iy (1)
170(4) nuclear spin transition and therefore minimize its 26 v
contribution to the O(2,3) lines. Using a long repetition However, there are two elements in their derivation which
time (every 0.5 sec) we can also maximize the signal ofrevent us from using it directly: (1) it is restricted to fluc-
the 170O(4). One such spectrum is shown in the inset oftuations of spinl/2 nuclei, and (Il) their approximation
Fig. 1. The shaded part represents the portion of the linegelds a relaxation line shape which is always Gaussian, in
used to determine the TR. contrast to laboratory experience (see below). For those
The echo decays of th€O at7 = 100 and300 K in reasons (and for completeness) we present here a differ-
the three samples are shown in Fig 1 on a semilog scalent, and more primitive, derivation of a dynamical Gauss-
and as a function a)? (the curves are displaced for clar- ian line. Our derivation bypasses the discussion on the
ity). Three features are readily apparent in this figure: (I)dynamical source, but, in turn, allows for the desired line
the relaxation rate increases with increasing temperaturshape variation. We describe th&® spin as a classical
(1) the relaxation curves could be well fitted to a Gaussiarvector and allow the magnetic field to hop with a proba-
down to~5% of their initial value, with small deviations bility » per unit time between different values along the
seen only afteer = 0.8 msec; (lll) for a given tempera- direction. If there are: hops at times,, .. ., ¢, before the
ture, there is hardly any difference in the relaxation rates ofr /2 pulse andm hops at times,+1,...,t,+, between
samples of different isotope concentration. The last feathe 7 /2 and ther pulses, the phase acquired by the spin
ture allows us to conclude that neither static nor dynamién the rotating reference frame (RRF) would be
like-spins coupling could be responsible for this Gaussian m
TR of the'’0, as it would yield a change of factor 3 inthe Oum = @p+m+127 — tyim) + Z @jin(tntj = thvj—1)

slope of the lines between the different samples [2,14]. j=2
Therefore, in order to extract physical parameters from — Opr1tas1 = T) + @p1(7 — 1)
our experimental results, we must use an unlike-spins cou- n
pling model which produces a Gaussian relaxation. Such + Z wi(ti — ti-1), 2)
i=1

a model was first provided by Klauder and Anderson, on

the basis of Lorentzian diffusion [15]. In their model, the where thew’s are the precession frequencies in the dif-
dipole field at the observed nuclear sitpfluctuates along ferent time intervals, and the pulse reverses the sense
the 2z direction due to dynamical fluctuations of nearby of precession at time. This definition of thew pulse
“unlike” nuclei (j). They found that the relaxation is de- is equivalent to the experimental one. The probability
of finding suchn + m hops is exp—v27)[[_, vdt; X
[1'-, vdr,+;. We employ the strong collision approxi-

' ' ' ' ' - mation, namely, that after each hop the system can as-
sume any frequency from its equilibrium distribution in
O(4) ] the RRF which we take here to be the Lorentzigw) =

> 1B . Ml (w? + A?)]. The transverse magnetization is a sum
= ; ; over different numbers of hops, at different times, with all
- 00 L possible frequencies after each hop, taking into account
¥e) FREQUENCY (MH2) ] their appropriate probability, and is given by
< T o] oo
> = n+m
g 01F =] o E MX(ZT) = Z Z_: v " eXF‘(_VZT)f f Cos(en,m)
175] H: n=0 m=0
o E n+m+1 n m
£ T=100K |1 X [ plwddo [ dn]]dtus (3)
8 B ¢=0.02 i 1=1 i=1 j=1
o) B c=0.06
001k e o [0 c=02 In the integrations, causalitys;(> t;—;) must be re-
R ' : ' : ’ - spected. The evaluation of this series [16] gives
0.0 0.5 1.0 1.5 ' o) \ )
(21)2 (msec?) M,(27) = LOP2A7) — Aep2vn)

v — A
FIG. 1. The spin echo decay 610 at the O(2,3) site in three When the fluctuation rate is large, nameby> A, the

samples of YBgCw('°0O,-.'70,);. The curves are displaced . - ;
for clarity. The inset shows thEO central ¢-1/2) line shape relaxation has the familiar exponential shape. On the

at a slow repetition time of 0.5 sec. The shaded areas are usédher hand, when = A, the line shape at early time
to determine the echo decay. could be approximated using the expansion

3548



VOLUME 78, NUMBER 18 PHYSICAL REVIEW LETTERS 5 My 1997

dyn 2

M.Q27r)=1-— %Ay(zq_)z o= e /T (5) much smaller than the Cu fluctuation rate In that case
we expect [from Eg. (4)] the TR to have the exponential

shape exp-1/T») with a temperature independdntl, =

2X. Indeed, Markerét al. found that abové&, the®®Y has

a temperature-independent exponential TR, Witlh, =

"2 msec % [17]. Our model thus explains the relaxation

17 H
.clu:jed.thatl/. ITzﬁ prob%sﬂt_heﬂtotal tCu %llJCtlL"":jt'ond r".’:,te' shape, the lack of temperature dependence, and the order
including spin-lattice and flip-flop rates/(). Indeed, i of magnitude of7, for the yttrium in the normal state

we approximaté’ %\ ~ 6.2 rad/msec from the unlike- of YBCO
spins second moment of the near neighbors copper nuclear :
dipolar field, and®*» ~ 10 msec! from 3 T,; data, we
find thatA ~ » and a Gaussian relaxation is expected.

defining 1/T5" in our model. Since the strongest cou-
pling of the "0 is to the neighboring copper nuclei, and
since these nuclei have the fastest fluctuations, we co

We now turn to discuss the temperature dependence of

the 7O TR. Since the oxygen spin lattice relaxation rate

. - 7T, (~10 mseg is very slow on the time scale of the TR,
We can c?eck the model by comparifig; O‘; Oonthe e can safely ignoré/T»; and fit the echo decay curves

O(4) site P¥Ty) and on the O(2,3) site’*T5). At using only a Gaussian, and the fist = 1 msec of our

a temperature of 300 K and slow repetition time, the O(4}ya(5 " The results are presented in Fig. 3(a), where it is seen

and O(2,3) lines are well separated, as shown in the inset @f - 1/YT, is monotonically increasing with increasing

Fig 1, and we can d(7etermine their TR separately. InFig. 2emperature. We can try to account for this temperature
we depict the TR of’O on both sites. It is clear from the dependence using Eq. (1) with = 1/(28T,) + 63t

solid lines which are parallel that no difference betweer\/vherel/“Tl and®3
the relaxation rates in the two sites is observed withi
experimental accuracy. UsingP® T, /C?3)T,5)? =
0@23)-Cu(2)) /OW)-Cu) [see Eq. (1)], we estimate that
1/°9T,; should be only 0.92 times smaller than
1/°@37T,;, which is in agreement with our measurement.
In contrast, if there would have been any transferre
g‘g%r"i‘gggn between copper and 0}!%‘32' we would expecﬁerature independent background interaction. We expect
(2:3)7Cu)x to be much larger thaff¥~C*®A. Therefore, 63-63,0 = —1.0 rad/msec if it were solely determined b
our results indicate that the Cu-O coupling is dipolar. Wedipola#coupliﬁg. In order to evalua?é7632'j{a we use they
also c_heck that the data taken In two c'ilffer.ent fields (W'thcalculated ratio of longitudinal to perpendicular transferred
two different spectrometers) are indistinguishable, as thexoup”ngsﬁ_ﬁgam — 63634 /102, and
should be in our model (see Fig. 2). y z -

v are the spin-lattice and the flip-flop

Nates of®*Cu, respectively. Sinc®»'T is due to the per-

pendicular like-spins coupling betweé&tCu, it could be

expressed a8y = @[B4 + B3-63,9 | wherea is

a proportionality constant of the order of unify; %34T

is the temperature dependent transferred interaction gov-
rned by the electronic susceptibility, afid349 is tem-

Another test for the model is provided by tfr data. 63-63gt — 1.7/9T58, (6)
Here we findY"C*@) = 0.12 rad/msec (considering the
dipolar second moment of near neighbors only) which is ; - g - - 18
121 cu@| g
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(21)2 (msec?) FIG. 3. (a) The temperature dependence('df,;) 2. The

solid line is a fit to Eq. (7) as described in the text. Also
FIG. 2. The spin echo decay ofO at the O(2,3) and plotted is A/2%T; with A = 4.6 rad/msec (with 7, from
O(4) sites and at external fields of 7.5 and 11.5 T inRef. [18]). (b) Measured and correctéti a_.(T) deduced
YBa,Cus(1°0pos'"Op6)7. The curves are displaced for clarity. for T, measurements as described in the text. (c) Corrected
The solid lines are parallel. plot of T, T(%*~%a™): vs T for z = 1 andz = 2.
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both taken from Penningtaet al. [2]. Thus, the tempera- (in agreement with the numerical work presented in
ture dependence df %4 could be determined from Ref. [19]). It is also seen in Fig. 3(a) that the dynamical
the data fof3T,;. Finally, the fitting function is correction is getting smaller as the temperatures approach
17 dyn, s 1 0.33 o T.. We therefore claim that the data analysis®tf,g
(TG )~ = A<263T &, T 9L ) (7)  performed in the superconducting state, and possibly the
' 26 conclusions drawn from it (e.gd-wave symmetry [6])
Since there are only small variations iff®* T, between gre valid.
samples of different doping, we use thg*T; data In conclusion, the'’0O Gaussian transverse relaxation
of Imai et al. [4], which were purposely taken in a low jn YBCO, is due to dipolar field fluctuations emerging
applied field in YBCQy. The experimental values of from copper nuclear spin dynamics which is dominated
1/T; are taken from Hammett al. [18]. Both data py flip-flop processes. We develop a general method
have been linearly extrapolated up To= 450 K. The  which allows us to perform the necessary correction to
best fit to Eq. (7) is obtained with = 4.6(7) rad/msec, the coppefTs¢ on the basis of’O data.
a = 08(1), and a] = —4.4(1) rad/msec, and is pre-  we thank J. Bobroff for helping with the oxygen
sented in Fig. 3(a) by the solid line. Althougit is  exchange, A. Trokiner for the use of her spectrometer for
about4 times larger than expected from pure dipolar cou-the 11.5 T measurement, and G. Clark for pointing out
pling, the fact that anda have reasonable values further the work of Klauder and Anderson to us. In addition we
emphasizes that th€O transverse relaxation is causedthank all of them as well as A.J. Millis and L. loffe for
by copper nuclear spin fluctuations. Finally, in order tohelpful discussions.
demonstrate the contribution of spin lattice relaxation pro-
cesses to the total copper nuclear dynamics we depict
A/2%3T, in Fig. 3(a). Clearly this contribution is small
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