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Small tip angle NMR as a probe of electron-mediated nuclear spin-spin couplings in YB&u;0,
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We develop the theory and application of small tip angle NMR techniques that can be used to measure
couplings between nuclear spins and multiple neighboring spins. We employ the techniques to measure indi-
rect (electron-mediatechuclear spin-spin couplings between neighbofii€fCu and'’O nuclear spins in the
high-temperature superconductor Y,Ba;O,. Predictions for the values of these couplings can be obtained
from the existing phenomenological models of electronic spin susceptifiliyw) and hyperfine couplings
that have been used in attempts to understand the wide body ofCvEa, NMR data gathered to date. We
find that the measured couplings are incompatible with these models.
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. INTRODUCTION 0T, anisotropy’!? (dependence on magnetic-field orien-
tation) have revealed a temperature dependence which is un-
High-temperature superconductors have been the subjegkpected in the simplest one-component formulation, but
of the most thorough NMR investigations of any solid-statewhich has been addressédby postulating that’O is
systeml.‘s There is rich and Contrasting NMR behavior at all Coup|ed not 0n|y to nearest-neighborZCunoments but also
of the eight distinct atomic sites within the unit cell of to next-nearest neighbors. Finally, Nanddral ** and Taki-
YBa,CuO;- 5, most notably within the CuPplanes. The gawaet al® have demonstrated anomalies in the behaviors
most widely known anomaly is that the temperature depenof 1’0 and % Knight shift and T, which are quite incon-
dences of the planat’O and ®*Cu spin-lattice relaxation sistent with a one-component picture, even allowing for the
rates'’(T,T) ' and ®%(T,T) ' are drastically different, de- more generat’0 hyperfine coupling.
spite the very close proximitf~1.9 A) of these atoms Here we present yet another category of experiment for
within the unit cell. Further obscuring the picture, it is found which the one-component model is inadequate, namely ex-
that the temperature dependences of'fliand®Cu Knight  periments probing electron-mediated couplings between
shifts are identical to each other. Interpretation of these anfluclear spins. These couplings result from the real part
other confusing NMR findings have required a detailed pic-y’(q,w) of the electron-spin susceptibility—in the simplest
ture of the various hyperfine couplings and of electron-spirtase a nucleus, which we take to be at the origin, hyperfine
dynamics. An early consenst$ developed around a cou- couples to its on-site electron spin. The electron spin system
pling of both 'O and ®*Cu to the same unpaired electron then responds with a spatial distribution of spin density pro-
spins in the Cu 8(x*—y?) orbitals. This consensus gave a portional to y'(r,o=0). That distribution then interacts
simple explanation for the identicdfO and ®*Cu Knight-  with neighboring nuclei, so that they experience an “effec-
shift behaviors. The drastically different behaviors oftive” coupling to the nucleus at the origin.
Y(1,T) " and ®(T,T) ! resulted, within this model, from Most experiments to date that have probed electron medi-
electron-spin correlations and “form-factor” effects. For ex- ated nuclear-spin couplings have consisted of measurements
ample,'’O is situated halfway between two Cu electron mo-of * T,g,” the time constant for the approximately Gaussian
ments, and thus its couplings to its two Cu neighbor electromlecay which is observed in measurement§36u spin-echo
spins will cancel if the spins are oppositely oriented. In otheramplitudes vs 2, whereris the time interval between the 90
words, YO NMR does not couple to fluctuations near theand 180° pulses of a spin-echo sequericg, specifies only
antiferromagnetic wave vector. In contrd&€u NMR can be  the sum of the squares of the couplings of a nuclear spin to
affected by fluctuations at any wave vector. The model theiits neighbors, but not the coupling to individual neighbors. In
can permit very different’O and 3Cu NMR behaviors, this sensd g is a crude measurement, yet its utility has been
even though'’O and ®3Cu couple to the same system of widely recognized and exploited>3
electrons. Over the years this model has been used to inter- More recently our grouff—*°has demonstrated interesting
pret a wide body of NMR data. Within this “one-component experimental techniques, “small tip angle NMR,” which
model,” hyperfine couplings are now tightly constrained by have made it possible to go beyofid; and to measure
T, and Knight-shift experiments. individual electron-mediated couplings between nuclear
Despite the successes of the one component model, casgsins. Specifically, Gornt al®* and Yuet al®® measured
have emerged in which it has clearly failed. First, Walstedtrespectively the nearest-neighb®iCu-f3Cu and %3Cu-t’0
and co-workers ' have shown that a comparison of inelas- coupling strengths in YB&£u;0, and discussed implications
tic neutron-scattering results and NMR lead to the conclufor the one component model. Intuitively one expects these
sion that the'’O hyperfine coupling to the Gt moments is  couplings, %35% and %', to be quite sensitive to the
much weaker than required. Second, measurements efectron-spin correlations which result in the very different
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behaviors of®3(T,T) ! and *(T,T) 1. The form-factor ef- 180
fects which are thought to shield the antiferromagnetic fluc- 90 —
tuations from thet’O should also reduce the electron medi- |—
ated coupling®1%a between®Cu and'’0, relative to the | ‘
83cu-3cu coupling, ®3%%. Yu et al, however, found that t
this expectation was not met.

In this paper we present and demonstrate more fully the 90 180
experimental methodologies employed by Goetyal. and r T T M
Yu et al. We develop the theory of small tip angle NMR and |
demonstrate its application on a model system. We provide ) T
further experimental confirmation of the key results of Gorny
et al. and Yu et al. through double-resonance NMR tech- I_I
niques, forbidden transition spectroscopy, isotope depen- S

FIG. 1. The small tip angle double-resonanl&IPDOR se-
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dence tests, pulse flipping effectiveness measurements, tests

for mutual spin flips, and measurements at new temperature . . ) )
uence, shown above, is a generalized version of the spin-echo

gnd dOpa.Et.l.rang?ﬁ' We re-emphasize Zn? elabgr.ate UpI()n. tg@ubIe-resonanc(aSEDOR sequence. The spin-echo sequence is
incompatibility with one-component models used in ana ySISapplied to spin lobserved, both with and without an accompany-

of previous NMR data, and suggest directions for new at—Ing ¢ pulse applied to thé spin system. While in SEDOR is
tacks upon the pljoblem. . equal to, in the STIPDOR sequence the anglas <1.

In Sec. Il we introduce the small tip angle NMR tech-
niques and demonstrate their application on a model systengy| realization of a double-resonance pulse sequence, small
In Sec. lll we apply these and other techniques to the Me&ip angle double resonan¢8TIPDOR), which is a generali-
surement of indirect couplings in highs cuprates. Finally in - ,ation of the spin-echo  double-resonandSEDOR

Sec. IV we discuss implications. sequencé?**#2put which, in contrast to the usual SEDOR
experiment, results in a spectrum containing directly the un-
Il. SMALL TIP ANGLE NMR convoluted distribution of heteronuclear coupling frequen-

cies. This technique has since been incorporated into rota-
Now we describe and demonstrate the small tip angleional echo double-resonan@EDOR NMR measurements
NMR techniques that we have developed specifically for theof bond lengths>3In addition we present a theoretical de-
problem of measuring indirect couplings in high-super-  scription of an analogous single-resonance sequence to mea-
conductors. sure homonuclear couplings, small tip angle echo resonance
NMR, as used to extract internuclear couplings, including(STAGGER.
direct magnetic dipolar couplings as well as “indirect,”
electron-mediated couplingé® has long been a valuable A. Double-resonance STIPDOR techniques

source of structural information about both solid and
quuids.39'4° Often, however, the couplings result in broad The double-resonance STIPDOR and related SEDOR

and/or complex NMR line shapes which can only be treatedechniques are used to measure spin couplings between “un-

using unsatisfactory approximations. One fundamental rediK€” nuclei which have resonances at clearly distinct fre-

son for this difficulty is that the splittings resulting from duéncies. For _exgmp'& in a 10-T fiefdCu resonates at

couplings with the various individual neighbors are not ob-~113 MHz, while™’O is at~58 MHz. One can easily moni-

served in isolation, but rather they are all present at once, arf@" @nd manipulate these two resonances separately. We con-

their effects are mutually convoluted. As an example, thesider a large static field applied parallel to thexis. Then

spectrum for a proton in solution which has scalacou-  We consider a nuclear spinunder observation, coupled to

plings to N inequivalent spirs neighbors will display » ~ “unlike” spins S, (n=1--"N)in the following way (all

distinct peaks at frequencies which are sums and difference&ins taken to bé):

of the N coupling frequencies, while onliX peaks would N

result were the multiple couplings to remain unconvoluted. H/7 = 2 a,l S, 1)

For the case of liquid state NMR, only the scalar couplings = e

between spins within the same molecule are effective, and so

N is often small enough that it is possible to “deconvolute”  This Hamiltonian is appropriate in many situations of

and infer the various couplings. However for the case ofinterest—for example, for heteronuclearcoupling the val-

solids N is often too large. In YB#&u;0O; for example the uesa, are equal to corresponding,’s, while for hetero-

prevalent analyst<® of T, and shift measurements lead one nuclear dipole coupling, is given by the well-known ex-

to expect a long antiferromagnetic correlation length that repression a,= (7, ysf/r®)(1—3 cog 6). The Hamiltonian

sults in &3Cu nucleus having couplings to 20—30 or more[Eq. (1)] is also that which is assumed in the analysis of the

neighbors. To measure these couplings individually it is necspin-echo double-resonan¢8EDOR experiments. For ex-

essary to avoid the complexity of the large number of peakample, in this paper we perform double-resonance experi-

(~229-%9 that are expected. ments in which the spin, }’O, is coupled tcS spins, ®*Cu.
Here we present a theoretical description and experimenfhe standard SEDOR sequence is illustrated in Fig. 1.
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SEDOR is a two part experiment: in part one, a conventional ' AL AL AL

spin-echo sequence is applied to thepins, with a spacing
between ther/2 and 7 pulses. The amplitud®, of the |
spin echo at timé= 27 is then recorded. Subsequently, the

spin echo is repeated; however, coincident with the applica-

tion of the 7 pulse to thel spins, an additional pulse of flip
angle ¢ (equal tow in conventional SEDORis applied to
the S spins. The amplitudéM of the | spin echo for this

second echo is then recorded. The SEDOR signal, defined as

m=M/M,, can then be obtained, and its dependem¢t

on the timet provides a certain measure of internuclear cou-
pling effects, distilled from effects unrelated to the internu-

clear couplings. In particular, if the angieis equal tom, the
SEDOR signain(t) is given as

N
m(t)= nﬂl cogant). (2)

Thus in the SEDOR signal the sinusoidal time depen
dences which would result from each coupling element
individually will appear as products. In the Fourier domain
these couplings will be convoluted, resulting it peaks
occurring at frequency values given by a;/2*a,/2
*ag/2---+xay/2. In the STIPDOR sequence we relax the
condition thatg, the nutation angle for flipping th®spins in
SEDOR, is equal tor. In particular, we will examine the
case ofp<<7r. The utility of using values o not equal tor

in the SEDOR experiment was first emphasized by Cull
who demonstrated that, by measuring the depen

eta
dencem on ¢ for a a single large value of, one could
extract the number ofS neighbors. In contrast, in the

|.'44

STIPDOR experiment we examine, for a single, small value

of ¢, the dependence of upont. Classically, this limit will
represent the case where very few of the neighbdBisgins

are flipped—in fact we shall consider the limit where the

probability is negligible that more than one neighborig
spin is flipped. STIPDOR will yield not only the number &f
spin neighbors but also the couplidgof each. For a general
flip angle ¢, the expression for the SEDOR sigma(t) be-
comes

N
m(t)= [[1 [co(p/2) +sim(pl2)cogant/2)].  (3)
The term siA(¢/2) here has a simple physical

interpretation—namely, it is the probability that pulse of tip
angle ¢ will flip a given spin.[coS(¢/2) is, of course, the
probability that a neighbor wilhot be flipped] For small ¢
we expand the cosine and sine terms to obtain

N
m<t>~n[[l {[1-(¢12)2]+(¢/2)? codanti2)}.  (4)

Including only terms up to orderd(2)? we find that the
product reduces to a sum

N
m(t)~[1—N(4/2)?]+ (¢/2)221 coga,t/2). (5)
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FIG. 2. >N NMR line shape of formamide. Line shape is ob-
tained by Fourier transform of the free induction dec¢BiD) sig-
nal. Formamide molecule is also illustrated. TH& nucleus is
coupled to three inequivalent protons, labeleg H,, and H;. Pro-
tons H and H, are rendered inequivalent due to the partial double
bond character of the N-C bond. Line shape shows the eight ex-

pected peaks at frequencieé)[iJlthi J;] (equal to +96.3,
+89, 8.4, and*=5.8 Hz, withJ;=90.5Hz, J,=87.8 Hz, andl;
=14.2 Hz, respectively

The condition of validity for this final approximation is that
quantityN( ¢/2)?> must be small compared to one, or equiva-
lently that the fractional destruction of thespin echo which
results from application of the pulse to theS spins is small.
We may also describe the condition for validity as follows:
in order for Eq.(5) to be valid, there must be a negligible

probability thatmore than onaneighbor is flipped. One may
Fourier transfornm(t) to obtain

M(w)=[1=N($/2)*18(w) + 3(/2)?
N

X 21 [8(w—a,/2)+ 8(w+ay/2)]. (6)

The remarkable feature of E¢p) is that the time depen-
dence ofm(t) contains only the coupling frequenciag/2,
rather than the sum and difference frequencies,/2
*a,/2+asl2---+ay/2 which appear in the free induction
decay and in conventional SEDOR. We demonstrate the
STIPDOR method using®N labeled formamide, a liquid
with molecular structure shown in Fig. 2N experiences
coupling to each of the three inequivalent protons, with cou-
pling valuesl,, J,, andJ; given by 90.5, 87.8, and 14.2 Hz,
respectively. Figure 2 gives theN NMR line shape, ob-
tained on a conventional high-resolution NMR spectrometer,
by Fourier transform of the free induction decay signal. As
expected, eight, or 2 peaks appear at frequencies
(H[*I;+I,+J3]=+96.2, +82.0, +8.4, and +5.8 Hz.
Figure 3 gives, for comparisor®™N line shapes(positive
frequencies onlyobtained by STIPDORthe sequence illus-
trated in Fig. 3, with 1='N and S=H. The STIPDOR
signalm(t) (defined abovgis taken as a function df which
is twice the spacing between the 90 and 180° pulsgs) is
then Fourier transformed. The results, along with theoretical
predictions, are given in Fig. 3 for pulse angigs 30°, 90°,
and 180°. The probabilities of flipping 0, 1, 2, and 3 neigh-
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C | z \‘M*"" ! ] B. Single-resonance STAGGER technique

| 30° l'l for homonuclear couplings

: : : ' —— Now we briefly describe a technique which extends the

0 20 40 60 80 100 120 principle of STIPDOR to probehomonuclearcouplings,

frequency (Hz) small tip angle echo resonant8TAGGER. In Sec. Il we

FIG. 3. Experimental and theoretic&N small tip angle double- use this technique to probe homonucléﬁ@g-“Cu cou-
resonancé€STIPDOR, as in Fig. INMR line shapes of formamide, plings. Here We Suppose that thepin nucleus is couplgd to
using tip anglesp (as defined in Fig. JLof ¢=230°, 90°, and 180°. N (_)ther spins V\_/hlch are of the same nuclear species, but
The line shapes are obtained by Fourier transform of the echd/Nich are inequivalent in the sense that they are chemically
height ratioM/M, (as defined in Fig. dwith respect to 2 where  Shifted from one another by an amount exceeding their inter-
7 is the pulse spacing as in Fig. 1. The line shapeder180°  nuclear couplings(These assumptions are valid f&icu in
(conventional SEDORreproduces the conventional free induction YBa;Cuz;O;, with the applied field parallel to, as discussed
decay(FID) NMR line shape of Fig. 2, as expected, with peaks atin Refs. 24, 25, and 4bWe take, for the case of an applied
|(3)[+£3,+3,=J5]|= to 96.3, 89, 8.4, and 5.8 HZOnly positive field 'pargllel to thez axis, the following spin coupling
frequencies are shownin contrast the¢=30° STIPDOR line Hamiltonian:
shapes has features onlyJt2, J,/2, andJ;/2, equal to 45.2, 43.9, N
and 7.1 Hz. The intermediate cas¢=90°, contains 13 peaks, _
enumerated in the text. "”ﬁ_n; @nlzlnz- @)

Figure 4 illustrates the simple STAGGER sequence. First
Hwe sequence 98-¢-mecho is applied, and the resulting echo

bors are given by successive terms in the expansio ) ; .
g y P amplitudeM (t=27) will be given by

[co(#/2)+ sirf(4/2)]%; equal to 0.81, 0.17, 0.013, and 3

X 10" 4. Thus in the¢=30° line shape one may neglect the N

probabilities that two or more neighbors will be flipped. In M (t)=sir?(4/2) [| [co(4/2)

this limit STIPDOR gives the coupling frequencids/2, n=1

J,/2, andJ3/2 directly. These features are seen clearly in Fig. +sir?(¢/2)coga,t/2)1h(t). (8)

3 at the expected values of 45.2, 43.9, and 7.1 Hz. Absent in ) )
the line shape are features at the frequeni&} = J, + J, The functionh(t) is the decay that results from factors other

. than homonuclear coupling, and we ignore it for the moment.
+J3]| (equal to 96.2, 82.0, 8.4, and 5.8 Hwhich are The prefactor sif(¢/2) reflects only the expected drop in

observed in the freg induction.decaﬁig. 2) and which 14 size whenp is less than 180°. The terms it/2) and
would be observed in conventional SEDOR. Also abse”Eo§(¢/2) appearing in the product, however, have the same
are the features at(3)[=J1=J,]|, |(3)[+J1+J33]|, and interpretation as in Eq5): sir(¢/2) is the probability that
|(1)[+J,+35]| (equal to 89.1, 1.3, 52.3, 38.1, 51.0, and @ny given neighboring spin will be flippely Am=*+1) by
36.8 H2. These frequencies correspond to flipping tWoth_e pulse of angleb, while cog(¢/2) is the_probablhty that it
neighboring spins—an improbable event for a 30° pulse. Th&ill not be flipped. For the case aimall tip angle(¢<1),
STIPDOR line shape forp=90° is predicted and observed Eq. (8) reduces tdsuppressindn(t)]

to be much more rich, because fér=90° the probabilities N

of flipping 0, 1, 2, and 3 neighbors are all non-negligible. N (t)~($/2)2| [1—N($/2)2]+($/2)2>, cogayt/2) |.

The ¢=90° STIPDOR line shape, along with the theoretical n=1

prediction, clearly displays each of the (®sitive frequen- )
cies enumerated above, with the expected intensities. Equation(9) shows that, like STIPDOR, the STAGGER se-

STIPDOR for$=180° reduces to conventional SEDOR. guence also yields the unconvoluted distribution of cou-
The experimental result of Fig. 3 shows clearly peaks ablings. STAGGER, however, is a single resonance method
frequencied(3)[ =J,=J,+J3]|, the same peaks which are for measurement of homonuclear couplings.
observed in the free induction decay of Fig. 2. The remark- Now we comment briefly om(t) in the STAGGER se-
able fulfillment of predictions shown in Fig. 3 demonstratesquence. In general one may control fo(t) by first running
that the simple way of thinking outlined above, in terms of STAGGER with a tip anglep, then again with angle@ By
spin flip probabilities, is appropriate and correct. taking the ratio of the signal obtained in thé 2ase to that
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FIG. 5. ®3Cu(2) echo amplitudefor planar Cu in YBaCu;0,) 2T (ms)
vs 2r, at T=>5 K with a field d 9 T along thec axis of the aligned

py FIG. 6. Data of Fig. 5, but multiplied by a factor
owder sample, for the STAGGER NMR pulse sequence 796~ . .
E—eVZho " ResﬁJlts forp="30," “45,” and 2;0 areq:hownT exp(271.209 ms), removing the observed exponential decay.

obtained foré one may cancel the unknowr(t). This pro- The results for all three angles exhibit an over_all expo-
cedure however requires a very high signal to noise ratio. Fgrential decaythough modulated, as we shall sesith time
the case of our highi, experimentgreported in Sec. I)lwe constant 1.209 ms. For now, we take this exponential decay

artificially remove what we think to b&(t) and compare (© Pe the “h(t)” appearing in Eq.(8), the Gdsecay resulting
results for several values . from causes other than homonuclé®cu-*3Cu coupling.

Figure 6 shows the data of Fig. 5 corrected for th{g).
Subsequently we will demonstrate using double resonance
that this “correction” procedure is valid.

ll. EXPERIMENT: MEASUREMENTS As expected these “corrected” data of Fig. 6 display, for
OF ELECTRON-MEDIATED NUCLEARSPIN-SPIN the case of “180°,” a relatively featureless monotonic de-
COUPLINGS IN YBa ,Cuz0; cay, as in a conventional T55" measurementithough we

shall subsequently discuss the behavior in more detail
However, for the “small tip angle” cases of “30°” and
“45°" a pronounced sinusoidal modulation, with a period

We now turn to the application of small tip angle NMR to
YBa,CuwO5. In Secs. IIIA and B we describe the array of

: : ; 63
experiments Wﬁl'cg‘s measure the nearest-nelgﬁ?lI?u-63Cu of approximately 1.1 ms is preserfA vertical line at 1.13
coupling (2m) *[%*%@/2]=(900+100) Hz and Y'O-"Cu  [n5is given for reference in Fig) 2The clear meaning of this

H —-1r17,6 — . . . .
coupling (2r) ~'[*"*a/2]=(147+10) Hz. In Sec. IC we  moqulation, with reference to E5), is that it reveals a
describe the mathematical connection between these coesc 63 spin-spin coupling frequency of 1.1 fs=900

plings and the parameters used in previous one-componentqog Hyz.
models, and the severe conflict that these measurements gjnce the publication of Ref. 34 we have performed two

present. additional experiments to confirm the coupling frequency
(27) " [®36%/2]=(900+100) Hz. They are a%Cu-°Cu
isotope comparison experiment, and®3Cu-*°Cu double

A. 83Cu-53Cu couplings resonance experiment in which we excite a forbidden

63Cu Am=2 transition for improved accuracy.
One expectd?®3%45 for the case of%Cu NMR in P Y

YBa,Cu;0;, with magnetic field applied parallel to that
the Hamiltonian of Eq(7) is an adequate description of the
effects of %3Cu-%%Cu spin-spin coupling. Here we focus on  Figure 7 provides a straightforward check of the results of
experimental results establishing the value for the neareskig. 6. We applied the STAGGER measurement of Fig. 6 to
neighbor %3Cu3Cu  coupling (27) [®¥%/2]=(900 the %Cu isotope, which has a gyromagnetic ratio and NMR
+100) Hz. resonance frequency some 7.1% higher than &i@s. ®°Cu
Figure 5 contains results of application of STAGGER onhas a natural abundance of 31%, &idu 69%, so both are
the %3Cu(2) in YBa,Cu,0;, at a field 6 9 T along the aligned highly abundant. This measurement, then, probes the
powderc axis, and withT=5 K, as reported in our previous nearest-neighbor coupling betweénCu’s, which is ex-
work3* Shown are results forp="30°,"" “45°" and  pected to be some 14.8% higher, in the ratio Gfy(%3y)2.
“180°.” Quotation marks denote that in the superconducting As expected, the period of th®Cu beats of Fig. 7 is
state the rf fields used to apply pulses are screened by supdound to be substantially shorter than that’€u. We esti-
currents, so that what is for example a 180° pulse near thmate from the data of Fig. 7 that tféCu beat frequency is
surface of the sample may be a much smaller angle pulse @®me (23-9)% greater than that §fCu, barely within ex-
one moves deeper into the sample. The “180°” pulse maxiperimental error of 14.8%. The presence of this isotope ef-
mized the echo size, and the “30°” and “45°” pulses were fect provides some confirmation that the beats seen in the
of 3 and 3 the time duration of the “180°” pulse. STAGGER experiment do indeed reflect spin-spin coupling.

1. Cu-%5Cu STAGGER isotope comparison
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FIG. 8. Energy level diagram for spii®3®%Cu in the presence
FIG. 7. Open circles are tHCu data of Fig. 6, with tip angle of an applied field along and a quadrupole Hamiltonian, consid-
30°. Closed squares are analogous dat&6m, with tip angle 45°.  ered as a first-order perturbation. The applied field results in the

Vertical lines are drawn to indicate the approximate period of theZeeman Hamiltonian for whichm,=3/2), |1/2), |-1/2), and|—3/2)
prominent beat for each isotope. The lines are drawn agfre eigenstates. The quadrupole Hamiltonian gives energy shifts as
0.91 ms (°*Cu) and at 1.12 ms®cCu), each with uncertainty esti- shown. The final eigenstates are no longer pure eigenstates of the
mated at 10%. The ratio (1.12/0.94).23+0.09 can be compared Zeeman Hamiltonian. We label the new state$‘ag” ), [“1/2" ),

with the expected value®Yy/%3y)2=1.147. [ —1/2"), and|* —3/2"), as shown.

In Sec. 2, below, we provide a more convincing demonstra~forbidden” in NMR, as the applied radio frequency pulses

tion. yield a Hamiltonian = which only connects states separated
by Am= *+1. For spin3 ®Cu (or ®°Cu), however, the pres-
2. Confirmation of results using double resonance ence of an electric-field gradient interaction with the nuclear
with forbidden transition electric quadrupole momefitcan allow “forbidden” transi-
tions.

Even with the isotope effect confirmation of Fig. 7, we . : . h dd h
felt it necessary to further confirm that the beats of Figs The electric quadrupo_le Interaction t e2n adds another
" term to the Zeeman Hamiltonig# as follows:

and 7 reflect Cu-Cu spin-spin couplings. The most sure con-
firmation would be to perform &°Cu®3Cu SEDOR or
STIPDOR measuremeffig. 1). In such a measurement one H/f = —ByBo(1+ K, )|+ (wof2)[ 12— 1(1+1)/3],
would observe thé°Cu echo with and without a flip pulse (10
applied to®Cu, and then take the ratio of these two echoes
to isolate effects on th€Cu signal resulting solely from the wherel is the %3Cu nuclear spinz is the axis of the applied
53Cu flip pulse. field, ¢ is the crystak axis of YBaCu,0;, andwg/27 is the

It proved quite difficult to achieve adequate signal tonuclear quadrupole resonance frequency of 31.5 MK4s
noise with this kind of double-resonance experiment. Furthe Knight-shift tensor, which is small compared to the quad-
thermore, we noticed that when the experiment was perrupole Hamiltonian. Treating the quadrupole term as a per-
formed in the superconducting state, we found that theurbation, one obtains, to first order, the schematic energy-
“flip” pulse had some effect on th&Cu echo signal even level diagram of Fig. 8. The Zeeman levéls,=3/2), |1/2),
when the flip pulse frequency was set far from the|-1/2), and|—3/2) find their energy levels shifted. We desire
8Cu NMR intensity. This suggested that perhaps the flipto make our measurement with field parallel to the crystal
pulse was inducing supercurrents and/or motion of the vorteaxis, in order to reproduce the conditions of the original
lattice which persisted even after the pulse ended. There iS8TAGGER experimentsgFigs. 5—7. However, for an ap-
possibility that such vortex motion or induced supercurrentsplied field parallel toc, the eigenstates of the Hamiltonian
could have affected the single-resonance measurements afe unchanged from the Zeeman eigenstates. Thus in order to
Fig. 6 as well, and thus we were quite concerned. “mix” the states it was necessary to “tilt” the sample with

It was not possible to perform conventional double resotespect to the applied field. We chose a tilt angle of 20° in
nance(SEDOR or STIPDORin the normal state, because order to achieve adequate mixing while maintaining an ori-
the very fast®®Cu T;’s that exist in the normal state also entation as close as possibledo

result in rapid Redfield, decays**°As a result, measure- Figure 9 shows the perturbed energy-level splittings and
ments spanning the full beat period of spin-spin couplmy  transition matrix elements fdfCu and®3Cu, for a field of 6
the order of 1 msproved impractical. T applied at a 20° angle to theaxis, all obtained by nu-

In order to defeat the rapid Redfield decay we devised merical diagonalization of the Hamiltonian. The perturbed
a scheme to effectively enhance the spin-spin coupling efstates are labelef3/2” ), [“1/2” ), |“ —1/2"), and |“ —3/

fect. It was not adequate to obserfCu while flipping a  2”). For Cu we calculate that th§'1/2” ) to |* —3/2")
conventionalAm=1 transition of®3Cu. However, a flip of transition will appear at a frequency ef112 MHz, with a
Am=2 would double the observed beat frequency and makenatrix element approximately 19% as large as that for the
the measurement practical. Transitiohm# 1 are typically allowed central transition.
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FIG. 9. ®3Cu(2) and%°Cu(2) energy-level diagrams with transi- Delay (us)
tion frequencies and transition matrix elements,d® T magnetic
field applied at a 20° angle to the crystalaxis of YBgCusO;. FIG. 11. Echo signal amplitude vsrZwhere 7 is the spacing

Magnitudes of transition matrix elements are given in parenthesegpetween 90 and 180° pulses in the spin-echo seqiiéicthe ®°Cu
directly beneath the frequency for each transition. The ordinarilycentral transition at 71.40 MHz and for téCu Am=2 “forbid-
forbiddenAm=2 transition from[“1/2" ) to [* —3/2”) is found to  den” transition(3 to —3) at 112.1 MHz, at temperature 100 K and
have a matrix element of-0.38, comparable tdbut of course  applied field 6 T. Fits to an exponential yield decay times as indi-
smaller thap those of the allowedm=1 transitions. cated in the figure, 8&s for the®Cu central transition, and 4/0s
) ) for the ®3Cu forbidden transition(The functional forms are not

Figure 10 shows the measured line shape, at 100 K, fofecessarily exponential, though they appear so in within this limit
this forbidden transition, appearing near the expected fretime window) The RedfieldT,’s are expected to be 17Zs (cen-
quency of 112 MHz. We performed nutation curve measuretral) and 86 us (forbidder). The faster rates observed most likely
ments on this and other forbidden transitions, and on allowegeflect spin-spin coupling effects.
transitions, and confirmed that the transition matrix elements
were close to the _expected values. In Fig. 11 we also show pgacause we are flipping Am=2 transition, one expects
transverse relaxation measurements for the allom to observe a beat frequency of approximately twice the fre-
central transitiof T, measured as-85 us) and the forbidden quency observed in Fig. 6: however, one expects an addi-
transition(~40 us). We can predict an exponential contribu- tional 7% boost because we are obsenfg% rather than
tion to the transverse decay from Redfield thédffand 6363, The period observed in Fig. 13 is0.5 ms, corre-
known T,’s. This yields RedfieldT,’'s of 177 us (centra) sponding to a frequency of (2000 200) Hz. This corre-
and 86us (forbidden. The faster decays observed in Fig. 11 sponds to (2) 1[®36%/2]=(930+100) Hz, in excellent
suggests that spin-spin coupling affects the decay along Withreement with the measurement of Fig. 6,

the Redfield contribution. . ,(2w)f1[63'6%/2]=(900t 100) Hz.
Convinced now that we understand the forbidden transi-

tion, we proceed to apply the SEDOR/STIPDOR sequence as
shown in Fig. 12, observing %Cu allowed transition with
and without a flip pulse applied t#Cu. We performed this Thus not only the single-resonance STAGGER measure-
experiment at 6 T, and at temperatures 80 and 100 K, obtairment of Fig. 6 and Ref. 34, but also the isotope comparison
ing similar results. The results f@r=80 K are shown in Fig.

3. Summary of®3Cu-53Cu spin couplings

13. 90 180
4 65 i T Mo
310 e : cu —
2510* - ¢ k t
- [ ]
4 ° * 90 1_8_0
z 210 . ] o r 1 1 &
w
S 15 10° [ o® * . @ jT
k= 110° * ]
z . ] 3cu aM=2 ﬂ
w L] [N 4 - oy
5000 [ .® N Transition
[ o®e ®ee ]
ol L o ‘T ‘ FIG. 12. The SEDOR sequence, applie?¥6u with and with-

1105 111 1115 ‘112‘ ‘ ‘112_5 113 1135 out a flip pulse appl_ied to .th?Cu f(_)rbidden tran_sition, witlAm
Frequency (MHz) =2. The “SEDOR signal” is the ratiod/M,, and is plotted vs 2
in Fig. 13 in order to extract information aboft®Cu spin-spin
FIG. 10. Line shape of the measurath=2 “forbidden” ®3Cu coupling. The coupling effect though is magnified by a factor of 2
transition, at an applied field of 6 T. through the application of thAm=2 flip pulse.
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FIG. 13. The forbiddemMAm=2 transition SEDOR signalas
defined in Fig. 12 M/M, vs 27, taken at a temperature of 80 K.

The beat frequency observed is equal, within experimental error, t
twice the beat frequency observed in Fig. 5, which involves the

usualAm=1 transition.
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FIG. 14.1'0-5%Cu spin-echo double-resonan@&EDOR signal,
observing!’0 and flipping®3Cu, vs twice the delay between the
170 90 and 180° pulses. Temperature is 5 K. Theoretical curve fit,
described in the teXiEq. (2)], yields a’0-%3Cu spin-spin coupling
frequency'” %%, of 3[17%%,/27]=(427+ 10) Hz.

(0]

the %3Cu resonance. The amplitudé of the 'O spin echo
for this second echo is then recorded. The SEDOR signal,

and the forbidden transition-based SEDOR experimentgefined asn=M/M,, can then be obtained, and its depen-

confirm the nearest-neighbor®®*Cu-*Cu coupling of
(27) [ 536%/2]=(900+ 100) Hz.

B. 53Cu-'"0 couplings

Having measured th&Cu-%3Cu coupling 535% we now
turn to the measurement ¢fCu-+’O coupling, % as
originally reported in Ref. 36.

1. Extracting %37

Our measurements were performed B&4.2 K on
aligned powder samples of YBau;0;_s (T.=93K), en-
riched in 'O as in Ref. 46. The applied field 8 T was

oriented parallel to the axis of the aligned powder. Though

dencem(t) on the timet= 27 provides a certain measure of
internuclear coupling effects, distilled from unrelated factors.
For STIPDOR, generalized SEDOR\(t) becomes

N
m(t)=[] [(1—f)+fcoga,t/2)], (12)
n=1

where the product is taken over all tA€u neighbors of the
0. f is the probability that a given neighbor is flipped,
equal to siR(¢4/2) for the simplest case. In the limit 6for
equivalently¢) tends to zero, we can discard terms beyond
first order inf to find

the measurements are taken in the superconducting state, N

one expects on both experimeRt&f?®and theoretical >3

m(t)~[1—|\1f]+f§_‘,l cogant/2). (13)

grounds that the quantities measured will take on similar

values in the normal state.

The spin-spin coupling effects that are observed betweetpon Fourier transform of(t) the coupling frequencies

the YO spin!’l and the®3Cu spin®® are the result of terms
in the effective Hamiltonian

HZE 63,17ai’]_ 17|i,z63|j,2' (11)
1)

Here the sum over andj are taken over alt’O and®3Cu
spins, respectively, anglis the axis of the applied field, the

crystal ¢ axis. To measure th&’0-%3Cu coupling constant
63,17,

now appear directly.

Figure 14 shows the'’0-%%Cu spin-echo double-
resonanc€SEDOR signal for a pulse of independently mea-
suredf=4.7%. Later we shall discuss the fit employed in
Fig. 1, but now we only state that the beats observed in Fig.
1 reveal directly the coupling frequency’®a between
nearest-neighbot’O and %%Cu nuclei in the YBaCuO,
planes. Fitting the curve of Fig. 1 to an appropriate func-
tional form yields a coupling strength @ ~[®*1@/2],
=(427=10) Hz. The major part of this coupling is direct

a we employ the STIPDOR generalization of SEDOR nuclear magnetic dipole coupling, which contributes a

described in Sec. Il A. In part one, a conventional spin-ech&known amount (&)~ [ %31%a/2] 0= (277) ~1(3y Al

sequence is applied to théO spins, with a spacing be-
tween then/2 and 7 pulses. The amplitud®, of the 'O

r)(1—3 cog #)/2=281Hz. Thus the remaining amount,
(147=10) Hz, is the contribution from “indirect” or

spin echo at timeé= 27 is then recorded. Subsequently, the electron-mediated couplirfy.
spin-echo sequence is repeated; however, coincident with the To summarize, then, we find that the nearest-neighbor

application of ther pulse to'’0, an additional pulse of flip
angle ¢ (equal tos in conventional SEDORIs applied to

83Cul’0 coupling is given by (2) %1%a/2]=(147
+10) Hz.
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3 [T measured and analyzed the normal-statdehavior of*’O.
: ] They inferred that thé’O T, behavior was dominated by
2 r 9 the ’0-%3Cu coupling, modulated in time by tH&Cu Zee-
- 1 man transitiongT, processe&s However, their analysis re-
s ] quired a phenomenological enhancement of t@-°3Cu
N ] coupling strength to a value some 59% above the dipole
] coupling value. Confronting similar experimental results,
v ] Keren et al*® and Walstedt proposed instead that rapid
63Ccu-53Cu mutual spin flipgflip rate of orden(100 us) ! for
the case of YBgCu;05) rather than a coupling enhancement,
was required. From this Kereet al. inferred consequences
eb regarding the magnetic phase diagram classification of
90.8 91 91.2 91.4 91.6 91.8 92 - YBaZCugO7 within the framework of Sokol and Plnéé
Frequency (MHz) With one exception our new findings support the picture
of Recchiaet al. and, furthermore, we note that our agree-
ment with their findings for normal state measurements
,shows that our conclusions here must apply abbyvas well

Intensity
o

FIG. 15. Closed circles map the=5 K %3Cu(2) line shape.
Also shown is the line shape multiplied byl. Open circles are the

measured line shape taken immediately following a “prepulse,
which iteself is identical to th€°Cu pulse used in the SEDOR a_s at the low temperatgl(d.Z .K) of oulr measurement, We
directly measure §°Cu-+’O spin coupling frequency which

experiment of Fig. 14. Comparison of the mapped line shape with o .
and without the prepulse reveals quantitatively the efficacy of theS enhanced by some (521)% above the expected dipole

83Cu pulse, which we use to analyze the amplitude of the SEDOF?OUp,“ng strength, in reasonable agreement with ReCChia
signal of Fig. 14. et al's inferred enhancement of 59%. The exception of

course is that the experimentally obtainets smaller than
_ expected. This could indicate that some fraction of f@u
2. Amplitude of the beats spins undergo rapid mutual spin flips, because if such flips
In accordance with Eq(2) we fitted the data in Fig. 1 occur at rates exceeding théCu-*’O coupling frequencies,
to the functional form m(t)=[(1—f)+fcosf’®at  then the effects of*Cu-’O coupling is “motionally aver-
2)]2 exp(~t/7,). The first factor is squared to reflect the pres-aged” away'>**[Intuitively one can understand that if the
ence of two identical nearest neighbors, and then the expd~Cu spins are already undergoing very rapid spin flips, then
nential is included to incorporate the effects of all otherthe act of flipping the®*Cu’s once more with an applied rf
neighbors.(A true exponential is not realistic, since it has a pulse, as shown for thed” pulse applied to the 'S’ spins
diverging second moment. However, it provided a somewhain Fig. 1, will have little effect upon thé’O signal(the “1”
better fit than did the Gaussian fomnThe best fit provided spins of Fig. 1.]
the coupling frequency given earlier and a “flipping” pa-  In order to test this hypothesis, that the amplitudis
rameterf of 2.1%. For 100% abundant, spinnuclei, f reduced from the expected value because some fraction of
should be equal to sti¢/2). For spind %3Cu, which is 69% the %*Cu spins undergo rapid mutual spin flips, we again
abundant, however, our pulse is applied only to the-%)  performed a STIPDOR experiment, measuriti@® while
transition, with other transitions shifted away by quadrupoleflipping ®3Cu. However, this time we flipped tHféCu satel-
splittings.  Together  these factors  givef=(3) lite (3, 3) transition. If we assume that a large fraction of the

63 i i o
X (.69)sif[ ¢er/2]. Finally, the Cu line shape in the super- Cu nuclei undergo rapid mutual spin flips betweeh and

_1 id fli 3 1
conducting state is rather broad and thus it was not possiblg 3 (Note that rapid flips betweer; and +3 or between
and —3 are not expected, because these transitions have

to cover the entire line shape uniformly. To assess this fina‘l’z , ; S "
complication we ran a separatéCu experiment as follows: 'a/9€ inhomogeneous broadening which “detunes” mutual
we first mapped thé%Cu line shape. Then we remapped the SPIN flips, then a “flip” from 3 to 3 is effectively a flip of
line shape, but now with a “prepulse,” identical to théCu Am=3." Then one would expect that the “beat” fre-
pulse in the SEDOR experiment, applied immediately be-g

uency that would be observed in this experiment would be
fore. The results of this experiment are shown in Fig. 15. The &S 9réat as that observed in Fig. 14. Figure 16 shows that
“flipped” area of Fig. 15 is approximately (13:61)% of

this is not the case. It shows the data of Fig. (fpping

that which would be obtained in a perfect “180°" pulse ZiCu central tg’a';‘s'“o)“t?Qemef with*'C-2Cu in which the
which would invert the entire line shape. Then we exgect Cu satellite(3, ;) transition is flipped. The beat frequencies
(1 _ . 0 hich i than twice observeq are identical fpr these two cases. From th|_s result

(3)(.69)[0.136=(4.7=0.3)%, which is more than twice \ e can infer that there imot a large fraction of°Cu spins
as large as the measurée2.1%. undergoing mutual spin flips.

Why then, is the amplitude of the beats in Fig. 14 too
small by more than a factor of 2? One suggestion is that a
substantial fraction of th&*Cu nuclear spins, well more than
half, are undergoing rapid mutual spin flips. The issue of Figure 14 demonstrates that the nearest-neighbor

mutual spin flips impacts upon a difference in interpretation®Cu-’O electron mediated nuclear spin-spin couplfiga
that has existed in the literature. Recchinal®® recently is given by (2r) [%'%@/2]=(147+10) Hz. Though the

3. Summary of%3Cu-’0O measurements
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1 E'U‘ T rg We stress the simplicity of these formulas—spin-spin
095 L U h couplings measure a static spin response to a known, local-
_ e B g R ° 4 ized applied effective magnetic field.
8 o9 f °* 3 It is beyond the scope of this paper to provide a full re-
,Ug)a o b 5 Satellite view of the application of “one-component” theories to
C 085 [ o G©OBonDO i / 4 NMR data. However, it suffices to say that the parameters
Q E . e e o ] needed to calculatt®5% and %1% from Egs.(14) and(15)
W esrf * « o0 are tightly constrained from past experimént3 Millis,
ors b Cem,al/ . ] Monien, and Pines provided a phenomenological form:
‘ oo
0.7".‘,l.‘“m”mH‘.\HH\.H‘J‘...’ B
0 1 2 3 4 5 6 7 x' (0, 0=0)[1+(q—Q)*& ]+ (16)
21 (msec)

FIG. 16. Closed circles is the SEDOR signal of Fig. 14. Openfor the spin susceptibility, characterized by a antiferromag-
circles is the same SEDOR experiment, except thati8a pulse is  netic correlations with length scale This form was updated
applied to the®Cu satellite(%, %) transition rather than the central by Zha, Barzhykin, and Pin&sto include incommensura-
(3, —3). The identical beat frequencies observed demonstrates thaion. A key requirement is that the correlation lengtmust
most of the®3Cu spins within the central transition are not under- pe at least two to three lattice constants, if the model is to
going rapid mutual spin flips. explain the sharply contrasting behaviors 6T, T) * and

17, -1
. . . . (T,T) "~
amplitude of the beats observed in the experiment is smaller 5" magnitudes and spatial dependences of the hyperfine
g]nan(aaecxﬁzclﬁ%'etrhir?a'si(;j'rrnejguz\l"geirf;?'Sla that few if couplings*’A(i k) and 83A(j,!) are well establishetf;®152

y gorap pin Tps. 83Cu has a coupling?, to the onsite electron spin and a
transferred coupling to the four nearest Cu neighbors. We
use 'O hyperfine coupling to the two nearest-neighbor

The experimental results of Sec. IIl impact broadly uponCu’s only, with magnitudeC.. From botha priori and
the previous analyses of NMR data, and hence they alsXPerimental considerations one finds that~—4B
should affect the picture of the normal-state electronic struc=—1.69<10 °eV_(Refs. 4, 5, 51, and 53and C.
ture of the highT, cuprates. We shall show below that the ~0.24x 107 ®eV.%%*
“one-component model,” in which one tries to fit all NMR ~ We first remark briefly the®*Cu*Cu coupling. As we
data using a single spin degree of freedom per Cu atom, idiscussed in Ref. 34, existing measurementgfprovide a
not sufficiently rich. constraint, namely the sum of the squares of the couplings
The connection between electronic spin susceptibiliybetween a singl&*Cu and all of its®*Cu neighbors. In that
x'(q,) and nuclear-spin coupling betwe&f® at sitel and ~ Work we noted that the nearest-neighbor coupling alone,
%3Cu at sitej is given by 176%,; ;2536.50 (27) " 1[®36%/2]=(900+100) Hz, was almost enough to
account for the entird,g decay, leaving little room for cou-
plings to extend out to several lattice constants. Yet the large

IV. IMPLICATIONS FOR THEORY

17.6%; 1=[2us] 722 > YAG k)X’ cl:(7)rrelatioln length¢ needed to explain®}(T,T) * and
Ik (T,T) * would necessarily imply nuclear spin couplings
X (F =T 0=0)A ). (14) 0 extend out several lattice constants. We have led?ried

though that thes&Cu-*3Cu coupling measurements can be
N ) _ explained quantitatively with a reasonably large valug if
Here “’A(i, k) is the hyperfine coupling of tho nuclear  gne includes incommensuration of 20—25%, which is itself
species at siteé to the electron spin at Cu site andx'(r;  opserved experimentalff-8It is not clear though that these
—I'v,w=0) is the electron spin response at site 1 to a deltgyarameters can still be used to underst&#d@,T)"* and
function magnetic field applied at sike The analogous for- 7T, L
mula for ®*Cu-*Cu couplings®**a is The combination, though, &f%a and ®3%% provides yet

more problems for the one-component model. The issue is
that the cancellation effects which supposedly result in the

*3%%; = [21"“8]722 Ek: AKX’ very different behaviors of3(T,T) " and (T, T) ~* should
also be present in comparison &f'a and %3%%. The ratio
X(r—ry,0=0)%3A(],1). (15 (%317%/%*%%) is given from Eqs(14) and(15) as

(AC+BC)x( ot (AC+4BC)x1 o+ (2BC)x;1+BCxsy

17,6?a/63,63a: - 5 5 - - - — -
2ABX0Y0+(A +9B )X1,0+4ABX1,1+ 2ABX2YO+GB X2‘1+B X3.0

17
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) - D FIG. 18. The®Cu-’0 double resonance STIPDOR measure-
FIG. 17. Theoretical prediction of the rati§"*a/®**a vs  ments of Fig. 14 are repeated here on a sample of oxygen reduced
electron-spin correlation length) in units of lattice constard, ac- YBa,CyOg , , With T, of ~60 K. The beat frequency observed
cording to Egs.(16) and (17), and the experimentally measured there, for theT.=60-K sample, is approximately the same as that
value. Theoretical curves are shown 60 (antiferromagnetic  observed i ,~90-K material. Yet in thel .= 60-K materials it is
correlationg and 5=25% (incommensurate correlationsuncer-  much more clearly established through inelastic neutron scattering

tainty in the experimental and theoretical curves are eatB%.  that electron-spin correlation lengths are at least several lattice con-
Uncertainty in the theoretical curves results from uncertainty ofstants.

hyperfine coupling parameters. The shaded region of overlap be-

tween theory and experiment indicates a correlation length less than . . .
0.6. There are disturbing aspects to the conclusion drawn

above, and we stress that we ot conclude that the
In this notationXi’,j is the real space response of the SIOinelectron-spin corre_lation Iength is less than_ one. Flr_st, the
system at lattice positioni{j) to a unit of magnetic-field very ;hort correlatlo.n length inferred makes it impossible to
strength applied at the origin. For the case of no electron%iag(pl"’“n _the cc_)ntrastlng t_emperatu_re dependenceshind
spin correlations Eq(17) reduces to 17,6%/63,6%:(AC _ Cu spin .Iattlce_7r(.alaxat|.on rate§ in terms of the commonly
+BC)/(2AB)=0.22+0.03, as compared with the experi- invoked plpturé |nvol\_/|ng antiferromagnetic fluctuations
mental value of 0.160.02. To parametrize more general and .hyperf'.”e cancellation effe_cts at thfe. A related prob-
possibilities fory’ we use the Millis-Monien-Pinegmp) €M is that if one takes the limit of=0, then the measured
expressior, generalized by Zha-Barzykin-Piné&BP) (Ref. ~ coupling =" A is given by °" %:2(A°+B)X0,OCC' and
13) to allow for incommensuration: from this one can infer thatx( f ug)~ 16 stategeV Cu).
Xo,0is the average over the first Brillouin zone pf(q), but
A Knight shift measuremem§®® indicate that [x'(q
X,(Q)“; [1+[a—Q;l*&*]™", (18 =0)/ud]~2.5-3 state$tV Cu) or six times smaller than
the requiredy space average; . Thus there must be some
where the fouQ; values areQ;=[m(1=6),m(1+5)]. The  peaking inq space away frong=0, but it can not be too
parameters is zero for the case of antiferromagnetic corre-sharp. It appears though that it is not possible to find a set of
lations, as in the original MMP formulation, but in ZBP it values ofy’(q=0) and¢ that can explain the Knight shift
characterizes the incommensuration of the correlations, angind spin-spin coupling consistently.
is taken to be as large as 25%. We have also repeated th&Cu-1’O measurements of Fig.
Figure 17 shows the predicted rati6®%/%*%% from Egs. 14 on a sample of oxygen reduced YBaxOg. ,, With T,
(3) and(4), along with 176%/536% from experiment, plotted of ~60-K. The results are shown in Fig. 18. The beat fre-
vs correlation lengtl§. Theoretical curves are shown for both quency observed there, for tHe=60-K sample is approxi-
6=0 (antiferromagnetic correlationsand 6=.25 (incom-  mately the same as that observedrin-90-K material. Yet
mensurate correlationsThe region of overlap of theory and in the T.=60-K materials it is much more clearly estab-
experiment(with associated uncertainties of eadpecifies  lished through inelastic neutron scattering that electron spin
that the correlation lengtlf must beless than 0.6 lattice correlation lengths are at least several lattice constants.
constants much less than the value of two to three lattice Therefore again we doot conclude from Fig. 14 that the
constants needed to explain the sharp contrastéddnand  electron-spin correlation lengthis small, less than one; we
83Cu spin-lattice relaxation behaviors. The clear physical in-conclude, rather, that the application of the one-component
terpretation is that the expected spin correlations would remodel to the full body of highf, NMR data does not yield
sult in cancellation, or “form-factor” effects, that would re- any self-consistent understanding.
duce "®%h relative to ®3%h. The unexpectedly large ~ What assumptions are present in this one-component
experimental value of”5%/%36% tells us that the spin cor- model, and which assumptions could be misguided? NMR
relations are not present. Knight shift and T, parameters can be calculated directly
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from the q and w-dependent electron-spin susceptibility of the observations. More generally the possibility of spatial
x(0,).2~3 Within the one-component model it is assumedinhomogeneities in the charge and spin properties would
that ther-dependent electron-spin susceptibility need only beequire reanalysis of our data. The smaller than expected
specified on the Cu atomic sites, and not defined on a fineamplitude of the beats observed in Fig. (ghd discussed
length scale. In terms of reciprocal space, this means thatbove might indicate that only a subset of th& spins see
x(9,w) must be defined only over the first Brillouin zone. If the anomalously stron€Cu-*’O coupling strength observed
the full array of NMR experiment cannot be explained usingthere. These, however, are not yet well defined speculations.
a consistent set of hyperfine coupling parameters and the
same x(q,w), then there is an indication that the one-
component model is not adequate. One might suspect that
electron dynamics on the oxygen sites have behavior which We thank K. A. Vermillion and D. A. Seeber for provid-

is more independent from that of the Cu than previouslying the spectra of Figs. 2 and 3. This work was supported by
believed. A second possibility is that effects of stripes, whichthe National Science Foundation Division of Materials Re-
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