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Recent NQR and N M R studies of Cu spin dynamics in metallic YBa 2 Cu 3 0 6 + J C are reviewed. The 
Cu nuclear relaxation rates are shown to be inconsistent with weak correlation (band) theory and 
the Korringa relation, but the Cu spins retain important characteristics of itinerancy. These include 
pairing of the Cu d-spins in the superconducting state and strong sensitivity of the Cu spin dynamics 
to changes in carrier concentration associated with variation of the oxygen content. Samples of 
reduced oxygen content (Tc = 60 K) are found to contain a high concentration of C u + Cu( l ) sites 
associated with "full cha in -empty chain" vacancy ordering. These samples also exhibit remarkable 
precursive suppression of planar Cu(2) nuclear relaxation above Tc. 
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I. Introduction 

Nuclear quadrupole resonance (NQR) and nuclear 
magnetic resonance (NMR) have emerged as key tech-
niques for experimental study of high Tc supercon-
ducting copper oxides. The reasons are directly re-
lated to the need to understand the Cu spin dynamics 
and their role in the mechanism of superconductivity 
in these materials. The magnetic phenomena are 
intimately connected with the unusual crystal struc-
tures of YBa 2 Cu 3 0 7 0 and other superconducting 
cuprates. Figure 1, illustrating the particular case of 
YBa 2 Cu 3 O 7 0 , shows the characteristic two-dimen-
sional C u 0 2 planes in which the Cu electronic config-
uration is close to 3 d9. The d-hole occupies primarily 
a state with &x2-y2 symmetry whose lobes are directed 
along the C u - O bond direction. In YBa 2 Cu 3 0 7 0 , a 
fifth oxygen neighbor forms a bridge between the 
planar Cu(2) and Cu(l), a four-fold coordinated Cu 
site situated in one-dimensional CuO chains. The ad-
ditional holes required by the average Cu valence 
( + 2.333) do not occupy Cu d-states, but rather intro-
duce holes in the oxygen pff orbitals directed along the 
C u - O bond axis. The development of metallic (and 

* Presented at the Xth International Symposium on Nuclear 
Quadrupole Resonance Spectroscopy, Takayama, Japan, 
August 22-26, 1989. 

Reprint requests to Dr. W. W. Warren, Jr., AT & T Bell 
Laboratories, Room 1T-104, 600 Mountain Avenue, Murray 
Hill, N.J. 07974, USA. 

superconducting) properties is associated with the 
presence of these extra holes. 

Many key issues in the high Tc cuprates revolve 
around the magnetic character of Cu, especially in the 
C u 0 2 planes, and the interactions between holes 
occupying Cu-d and O-p orbitals. Two extreme models 
can easily be formulated. In the case of strong elec-
tron-electron correlation energies and relatively weak 
C u - O interactions the Cu-d states would be localized 
and carry a local spin moment while the metallic char-
acter is provided by itinerant O-p states. Indeed, in 
YBa 2 Cu 3 0 6 0 for which the p-holes are absent, the 
d-states are localized in Cu2 + ions and the compound 
is an antiferromagnetic insulator. The opposite limit, 
weak correlation and strong electron transfer, is the 
regime of conventional electron band theory. In this 
case, one does not distinguish between Cu and O holes 
which form a common, heavily hybridized p-d band. 

The highly local nature of NQR and NMR experi-
ments makes possible selective measurement of static 
and dynamic electron magnetism at distinct crystallo-
graphic sites in the structure. Thus, not only is it pos-
sible to probe the local properties of different elemen-
tal sites (Cu, O or Y), but one can selectively study, for 
example, Cu(l) or Cu(2) in YBa2Cu3O7 0 . In each 
case, the local electronic magnetism couples to the 
nuclei via magnetic hyperfine interactions producing 
spin-lattice relaxation in NMR or NQR and reso-
nance (Knight) shifts of NMR lines. In this paper we 
review the experimental situation for the system 
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Fig. 1. Orthorhombic unit cell of Y B a 2 C u 3 0 7 0 showing 
local coordination of Cu atoms (cross-hatched). Small open 
circles denote O, shaded circles denote Ba, and large open 
circles at cell corners denote Y atoms. 

Y B a 2 C u 3 0 6 + x . It should come as no surprise that the 
experiments reveal that these materials are not well 
approximated by either extreme case described above. 
Rather, they fall into the fascinating, but difficult 
regime where competing electron correlation and 
transfer effects are of comparable importance. 

II. NQR and NMR Spectra: YBa2Cu307 0 

The unit cell of YBa 2 Cu 3 0 7 0 shown in Fig. 1 con-
tains two Cu(2) sites in the C u 0 2 planes and one 
Cu(l) site in the CuO chain. The local symmetry of 
each site is orthorhombic, but the Cu(2) sites are 
nearly tetragonal. The c-axis is parallel to the long 
axis of the unit cell. The electric field gradients (efg) at 
the two sites are quite different, and well-separated 
6 3 , 6 5 Cu NQR lines are observed as shown in Fig-
ure 2a. The 6 3Cu frequencies v63 at 100 K are 
22.05 MHz for Cu(l) and 31.48 MHz for Cu(2). The 
frequency ratio v63/v65 for the two Cu isotopes agree 
within experimental error with the ratio of the nuclear 
quadrupole moments for the isotopes. Thus there is 
no evidence of an internal magnetic field due to static 
magnetic order in this compound. 

The 6 3-6 5Cu NMR spectrum of randomly oriented 
YBa 2 Cu 3 0 7 0 powders is very broad. At fixed fre-
quency ~ 8 0 MHz, the central ±1/2 transition of the 
quadrupole-broadened powder patterm extends over 
about 5 kOe for each isotope. Fortunately, however. 
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Fig. 2. 6 3 , 6 5 C u spin echo N Q R spectra at 100 K for 
Y B a 2 C u 3 0 6 + ;c at various oxygen concentrations. Echo 
intensities denoted by open squares were measured with 
pulse repetition frequencies ~ 100 Hz. Data denoted by solid 
triangles in (b) and (c) were observable only with low pulse 
repetition frequencies ~ 1 Hz due to the long relaxation 
times of these "empty chain" two-fold Cu( l ) sites. 

the total magnetic susceptibility of YBa 2 Cu 3 0 7 0 is 
sufficiently anisotropic that finely divided powders 
may easily be aligned with parallel c-axis in a magnetic 
field of a few tesla. In Fig. 3 we show some examples 
of 6 3Cu NMR lines obtained with oriented powders 
fixed in epoxy resin. The combination of NQR and 
NMR spectra such as those shown in Figs. 2a and 3 
permits determination of the complete efg and Knight 
shift tensors for Cu(l) and Cu(2) in YBa 2 Cu 3 0 7 0 

[1-3]. 
Far below the superconducting transition tempera-

ture, the spin susceptibility and the corresponding 
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susceptibility inferred from spin-lattice relaxation 
measurements. 

III. Spin Dynamics in YBa2Cu307 0: 
Nuclear Relaxation Rates 

The spin-lattice relaxation rate can be expressed 
very generally in terms of the imaginary part of the 
generalized susceptibility ^{q, co0): 

3/Cb (TI T)NQR — 
y2

ehAa> o 
X{[Ax + 2Bf2(q)Y 

+ [Ay+2Bf2(q)]2}X:(q,co0), (1) 

where Ax and Ay are the on-site hyperfine fields per-
pendicular to the axis of quantization, and B is the 
isotropic Cu Cu transferred hyperfine field. The 
form factor f2(q) for the transferred coupling is 

f2 (q) = cos {qx a) + cos (q b). (2) 

Fig. 3. Cu NMR spin echo lines obtained in oriented pow-
der samples of Y B a 2 C u 3 0 7 0 with magnetic field perpendic-
ular (a) and parallel (b) to the crystalline c-axis. Narrow lines 
are central ± 1 / 2 transitions of quadrupole split Cu(2) spec-
tra. Second line at higher field for 9 = 0 (b) is due to nearly 
degenerate quadrupolar satellites of Cu(l) (>7~1). 

spin contributions to the Knight shift are expected to 
vanish [4] leaving only an orbital (Van Vleck) contri-
bution. Mila and Rice [5] exploited this effect in a 
phenomenological analysis from which they obtained 
the various contributions to the hyperfine coupling, 
Knight shifts and susceptibilities for magnetic fields 
applied along each of the crystalline axes. In addition 
to the anisotropic on-site hyperfine fields due to spin-
dipolar, core-polarization, and spin-orbit interactions, 
they deduce a large isotropic contribution which they 
assign to a transferred hyperfine field from neighbor-
ing Cu atoms. The precise quantitative results they 
obtain are subject to the approximations of the analy-
sis, but the susceptibility decomposition allows the 
important conclusion that the spin susceptibility is 
nearly isotropic and only weakly enhanced relative to 
the Pauli value. This weakly enhanced "ordinary", i.e. 
static, uniform susceptibility will be discussed shortly 
in relation to the enhancements of the non-uniform 

Its magnitude depends on the wave functions accord-
ing to 

B = const | «A4s(0) I2 <4 s 13 d>2 /zl£2 , (3) 

where AE2 is an appropriate excitation energy. The 
remaining symbols have the usual meanings. If the 
spins on oxygen neighbors fluctuate independently, 
that is if they do not form local singlets with the Cu 
d-spins, there will be an additional term due to the 
O —> Cu transferred hyperfine field. 

In ordinary metals, the hyperfine field is usually 
dominated by a single on-site contribution, and if elec-
tron-electron interactions are neglected, the suscepti-
bility sum is given by 

I x';(q, co0) = nx'M 0) N(EF)hco0 . (4) 

The relaxation rate then takes the familiar form 

(TiT)nqR = ̂ - ( l / 2 ) f 4 2 + A2
y] N2(Ef) (5) 

and is related to the Knight shift by the Korringa 
relation 

(6) (TiT)nqR =(12nkB/h)(ya/ye)2 K2. 

The validity of (5) and (6), with respect to both the 
value of (Tl T)~1 and constancy of T, TK2 is therefore 
a direct test of the effects of electron correlation and 
exchange on the low frequency, non-uniform suscepti-
bility. In the particular case of YBa 2 Cu 3 0 7 0 , K is 
independent of temperature in the normal state [6] so 
that if electron correlation effects are negligible, we 
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should expect to find (T : T)~1 ~ constant at the value 
given by (5) and (6). 

Experimental values of (Tj T ) - 1 obtained by NQR 
[7] for Cu( l ) and Cu(2) are plotted versus temperature 
in Figure 4. Similar data may be obtained from NMR 
measurements on oriented powders [8]. It is immedi-
ately evident that the expected Korringa behavior 
((Ti T)~1 = constant) is not observed for either Cu site 
in the normal state. For Cu(l), ( ^ T ) - 1 increases 
slightly with increasing temperature while for Cu(2), 
(Tj T ) _ 1 decreases rapidly from its value at Tc. 

In addition to the anomalous temperature depen-
dences of (Ti T)~1 for Cu(l) and Cu(2), the magnitudes 
of the relaxation rates near Tc are enhanced relative to 
the predictions of the Korringa relation, (6). Taking 
the value K = 0.30% for Cu(2) with the magnetic field 
perpendicular to the c-axis [3], we obtain (Ti T)ÜQR = 
1.8 (s K ) _ 1 . (In this calculation we introduce a factor 
1 /4 in the right-hand side of (6) to account for the fact 
that the transverse hyperfine field is dominated by the 
contributions from 4 near-neighbor Cu atoms [5] 
whose spins are assumed to be uncorrelated.) This 
corresponds to an enhancement at 100 K of about 14 
with respect to the q = 0 susceptibility represented by 
the Knight shift. The latter is, itself, modestly en-
hanced as we discuss shortly. The enhancement be-
comes progressively smaller at higher temperatures 
for Cu(2) while for Cu(l), for which the relaxation rate 

100 2 0 0 3 0 0 
T E M P E R A T U R E ( K ) 

Fig. 4. 6 3 Cu relaxation rates from N Q R plotted as (Ti T ) " 1 

vs. T for YBa 2 Cu 3 O 7 0 . Open points denote Cu(l) ; closed 
points denote t u (2). 

is comparable with Cu(2) at 100 K, there is no corre-
sponding decrease in enhancement. Enhancements of 
more than an order of magnitude with respect to the 
non-interacting case are also inferred from band the-
ory using (5) and calculated values [9] of N{EF). Thus 
we can conclude that the relaxation behavior is incon-
sistent with the (band) model of strong electron trans-
fer and weak correlation [10]. 

The nuclear relaxation rates have the further prop-
erty of high anisotropy. Our measurements [8, 10] on 
oriented powders yield a value 3.6 for the ratio of the 
rates with the magnetic field perpendicular and par-
allel to the c-axis. This ratio can be understood using 
the analysis of Mila and Rice applied to the Knight 
shift data of Durand et al. [3]. 

As the temperature is lowered below Tc, the rates 
for both Cu sites exhibit a sharp decrease, although the 
decrease is much more rapid for Cu(2) than for Cu(l). 
For neither site do the data show any indication of the 
so-called "coherence factor peak", a sharp rise in re-
laxation rate just below Tc that is characteristic of 
BCS superconductors with s-wave pairing [11]. The 
rapid decrease of (Tx T)~1 below Tc shows that gaps of 
some form, develop in the spin fluctuation spectra at 
each Cu site. But the exact nature of the gaps are still 
undetermined because it has not been possible to ex-
tract any simple temperature dependence for (Ti T)~ 
At sufficiently low temperatures, the observed relax-
ation rate tends to a nearly constant value whereas 
theory predicts that the rate should go to zero at T = 0. 
The background process is stronger for Cu(l) sites 
than for Cu(2) and may be due to extrinsic paramag-
netic moments on or near the chains. But the back-
ground relaxation process and its temperature depen-
dence at higher temperatures are not understood 
quantitatively and this has prevented determination 
of the intrinsic temperature dependence from the ob-
served rates. Whatever the nature of the gaps in the 
spin fluctuation spectrum below Tc, the effective gap 
sensed at the Cu( l ) sites is substantially different and 
effectively smaller than that measured at the Cu(2) 
sites. 

Given the foregoing experimental facts of nuclear 
relaxation in the normal and superconducting states 
of Y B a 2 C u 3 0 7 0 , we now discuss the significance of 
the relaxation enhancement and its temperature de-
pendence. We emphasize first that the "ordinary", 
static, uniform spin susceptibility ;^(0, 0) is enhanced 
only modestly. Electronic band structure calculations 
[9] yield a value N{EF) ~ 2.8 (eV spin formula unit)"1 
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for the total electronic density of states. This corre-
sponds to a spin susceptibility 0)bs ~ l - 8 x l 0 - 4 

emu (mole formula unit) - 1 . From their analysis of the 
observed susceptibibilities and Knight shifts, Mila and 
Rice [5] determine an "experimental" value 
^(0, Q) = 3.25 x 1 0 - 4 emu (mole formula uni t ) - 1 so 
that the enhancement ^ (0 , 0)expt/Xs(0, 0)bs ~ 1.8. In 
contrast, the integrated dynamic susceptibility 
X Xs wo) i s enhanced by more than an order of 
i 
magnitude relative to the non-interacting model. Rec-
onciliation of these observations requires that addi-
tional enhancement of co0) occur at non-zero 
^-values of the form a peak around some value q = Q0. 
In turn, this implies the presence of antiferromagnetic 
fluctuations of mean wave-vector ~ Q0. 

Enhancement of the low frequency, non-uniform 
susceptibility at the Cu sites by antiferromagnetic fluc-
tuations would appear to conflict with recent relax-
ation data [12, 13] for 89Y and for 1 7 0 at the planar 
0(2) and 0(3) sites. (It is argued that 89Y essentially 
probes the electronic states on 0(2) and 0(3) [12].) 
For these nuclei the relaxation is only weakly en-
hanced and the temperature dependence is governed 
by the Korringa behavior (Tx T ) - 1 = const. One inter-
pretation of the different spin dynamics at of Cu and 
O relaxation might be based on a model of extreme 
correlation in which the two sites probe distinct sys-
tems of electrons - nearly localized d-spins at Cu and 
itinerant, weakly interacting p-electrons on the O. 
However, when the expected strong p-d hybridization 
is taken into account, it is not at all clear how the two 
groups of electrons could retain their individual dy-
namics. Further, the suppression of Cu relaxation ob-
served below Tc (Fig. 4) shows that the Cu spins are 
intimately involved with the superconducting con-
densed state. Takigawa et al. [13] and Shastry [14] 
have recently suggested an alternative explanation 
that is closer in spirit to a highly correlated, but still 
single-band description of the electron system. These 
authors have emphasized the role of the form factor 
for the Cu -> O transferred hyperfine field given by 

fl(q) = \ + cos(qxa). (7) 
The essential point is that the oxygen form factor 
vanishes around the wave vector (n/a, n/b) where a 
peak in xl ®o) might be expected for antiferromag-
netic spin fluctuations that are commensurate or 
nearly commensurate with the lattice. In contrast, the 
Cu form factor given by (2) is ~ 2 near these g-values. 
Thus, the distinction between Cu and O nuclear relax-

ation measurements is that they probe different re-
gions of g-space rather than different points in real 
space as in a two-band model. In particular, the Cu 
relaxation is sensitive to antiferromagnetic fluctua-
tions while the O relaxation is sensitive mainly to 
regions of low g-values where, as we have already seen, 
the susceptibility enhancement is small. 

The foregoing interpretation of the nuclear relax-
ation rates for Cu and O in the normal state leads to 
a further conclusion concerning spin excitations in the 
superconducting state. Below Tc, the relaxation rates for 
both Cu and O decrease rapidly with decreasing tem-
perature and, remarkably, the temperature depen-
dence is the same for the two nuclei [13]. In terms of 
the one band model, this means that xl is sup-
pressed uniformly at all ^-values. The Cu relaxation 
rate is much more strongly enhanced at Tc than the O 
rate so that enhancement of the Cu rate must be pre-
served in the superconducting state, i.e. the dynamic 
susceptibility of quasiparticles excited in the super-
conducting state is essentially that characteristic of the 
normal state electrons at Tc. We believe that this ex-
perimental observation is inconsistent with sugges-
tions [15] that the rapid decrease of (1 / T J ^ is due, in 
part, to collapse of the enhancement as the supercon-
ducting gap develops. 

IV. Effect of Oxygen Concentration 

One of the most important characteristics of the 
YBa 2 Cu 3 0 6 + x system is the strong dependence of its 
electronic properties on oxygen concentration (x). 
Whereas YBa 2 Cu 3 0 7 0 is the well-known 90 K super-
conductor, YBa 2 Cu 3 0 6 0 is an insulating antiferro-
magnet with a Neel temperature greater than 400 K. 
Structural studies have established that oxygen vacan-
cies generated by reducing x are located primarily in 
the chains. The limiting case YBa 2 Cu 3 0 6 0 corre-
sponds to a complete absence of chain oxygens so that 
Cu(l) is two-fold coordinated with valence Cu + . As x 
decreases below x = 1, the carrier (hole) concentration 
decreases, but the quantitative relation between the 
concentrations of carriers and oxygen is not yet 
understood in detail. The value of Tc generally drops 
with decreasing x, but in samples from which oxygen 
is removed at a relatively low temperature, a wide 
"Tc plateau" develops whereby Tc is essentially inde-
pendent of concentration between x = 0.5 and x = 0.7 
with a value ~ 6 0 K [16, 17]. The transition from 
metal to antiferromagnetic insulator occurs roughly in 
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Cu ( 2 ) 

Fig. 5. Relationship of four-fold coordinated ("full chain") 
and two-fold coordinated ("empty chain") Cu( l ) atoms to 
Cu(2) neighbors. Bridging oxygen on c-axis moves closer to 
Cu( l ) in two-fold sites. 

the range 0.4 ^ x ^ 0.5. Because the primary struc-
tural effects of varying oxygen concentration are con-
fined to the chain layer and because the oxygen con-
centration can be very precisely controlled, variation 
of x offers a powerful means to manipulate the elec-
tronic and magnetic properties of the planes while 
minimizing changes in their structure. 

The effects of reduced oxygen concentration on the 
NQR spectrum of YBa 2 Cu 3 0 6 + x are illustrated in 
Figs. 2 b and 2 c. As x decreases, the higher frequency 
Cu(2) resonance shifts to lower frequencies and 
broadens into a spectrum consisting of several discrete 
lines. By comparison, the Cu(l) resonance near 
22 MHz develops only modest broadening and a 
small splitting ( ~ 600 kHz). Most remarkable is the 
appearance of a new line whose frequency (31.4 MHz) 
is almost precisely the same as that of the Cu(2) reso-
nance of YBa 2 Cu 3 0 7 0 . We have concluded that this 
resonance arises from a distinct site (i.e. not Cu(2)) 
because its relaxation rate is reduced by about a 
factor 2000 below that characteristic of Cu(2) in 
YBa 2 Cu 3 0 7.o • The very low relaxation rate of this 
line together with its small Knight shift and nearly 
axial efg led us to assign the resonance to nonmetallic 
(i.e. Cu + ) Cu(l) sites in two-fold coordination [18]. 
These sites are analogous to the Cu(l) sites in 
YBa 2 Cu 3 0 6 o for which the NQR frequency is about 
30.0 MHz. 

The intensity of the two-fold Cu(l) resonance is 
significantly higher than could be expected if the oxy-
gen vacancies were randomly distributed along the 
chains. Given the absence in our samples of a 24 MHz 
resonance assigned to three-fold coordinated "chain-
end" sites [19, 20], the intensity of the two-fold line 
leads to the conclusion that the vacancies are clus-

tered in so-called "empty chains" leaving other chains 
virtually intact. There is evidence from structural 
studies [21] for superlattice order which could be 
based on these full and empty chains [22]. The forma-
tion of the empty chains permits a higher concentra-
tion of Cu + sites than would be possible for random 
vacancy order and this in turn permits a higher carrier 
concentration on the planes. This is illustrated most 
simply for the case x = 0.5 for which the average Cu 
valence is 2.0. If, in fact, all Cu atoms were divalent, 
the carrier concentration (holes on the oxygen) would 
vanish at this concentration. But if the Cu(l) sites were 
fully ordered into full and empty chains, the carrier 
concentration would be 1/2 hole per unit cell com-
pared with 1 hole per unit cell in YBa 2 Cu 3 0 7 0 . The 
actual carrier concentration is, of course, impossible 
to determine from these arguments since (i) the sample 
is unlikely to be fully ordered and (ii) one does not 
know how the holes are distibuted between the planes 
and the full chains. 

The existence of two main classes of Cu(l) site (two-
fold and four-fold oxygen coordination) implies corre-
sponding classes of neighboring Cu(2) sites. This sim-
ple structural relationship is illustrated in Figure 5. 
Neglecting second and higher neighbor effects, we 
should then expect to find two Cu(2) NQR lines in a 
fully ordered sample. Unfortunately, the spectra of 
samples of reduced oxygen content become so broad 
(Figs. 2 b and 2c) that the 6 3Cu resonance of one site 
can overlap the 6 5Cu resonance of another making it 
very difficult to analyze the spectra. To simplify the 
spectrum, we have therefore prepared a sample of 
YBa2Cu3O e 6 4 enriched to nearly 100% 63Cu. As 
shown in Fig. 6, the Cu(2) spectrum does indeed con-
sist of two dominant lines (27.5 MHz and 30.6 MHz at 
100 K) with additional intensity forming a broader 
background centered at an intermediate frequency. 
Essentially the same frequencies have been reported 
by other workers [23] in samples of various concentra-
tions. This suggests that the local environments of 
these sites are relatively insensitive to oxygen concen-
tration. We speculate that the lower frequency line 
corresponds to Cu(2) neighbors of two-fold coordi-
nated Cu(l). The lower frequency would be due, pri-
marily, to the movement [24] of the bridging oxygen 
toward Cu(l) in two-fold coordination [25]. 

Spin dynamics at the Cu(2) planar sites are signifi-
cantly affected by changes in oxygen concentration. In 
Fig. 7 we present data for (T{T)~l measured for the 
two dominant Cu(2) NQR lines in YBa 2 Cu 3 0 6 6 4 
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Fig. 6. NQR spin echo spectrum obtained at 100 K for 6 3Cu-
enriched YBa 2 Cu 3 O e 6 4 . Open and closed points obtained 
with high and low pulse repetition frequencies, respectively 
(see Figure 2). 

T E M P E R A T U R E ( K ) 

Fig. 7 . 6 3Cu relaxation rates ( ^ T)~1 vs. Tfor Y B a 2 C u 3 0 6 6 4 . 
Data were obtained by NQR at 27.5 MHz (open squares) and 
30.6 MHz (open circles). Dashed line represents smoothed 
Cu(2) data for Y B a 2 C u 3 0 7 0 (Figure 4). 

and compare them with the corresponding rates mea-
sured in YBa 2 Cu 3 0 7 0 . Both the magnitudes and the 
temperature dependences are affected. At the higher 
temperatures, ( T , T ) _ 1 is increased relative to 
YBa2Cu3Ov 0 . We have found from Knight shift mea-
surements [26] that the spin component of the Knight 
shift is reduced so that we can conclude that the en-
hancement of x's wo) i s increased in samples of 
lower oxygen content. This can be viewed as a slowing 
down of the fluctuating local hyperfine field in mate-
rial that is closer to the antiferromagnetic phase, and 
it shows that the Cu spin dynamics are affected sigifi-
cantly by the presence of holes on the neighboring 
oxygen sites. This observation does not support the 
suggestion [27] that the Cu spin dynamics are gov-
erned by a C u - C u superexchange interaction (J) 
which is essentially unchanged from the insulating 
antiferromagnet to the 90 K superconductor. Since 
the relaxation rate in such a picture depends inversely 
on J, the present data would imply an even higher 
value of J in the superconductor than in the insulator, 
unless there are compensating changes in the hyper-
fine couplings. 

Finally we call attention to the remarkable pre-
cursive behavior occurring well above Tc in 
YBa 2 Cu 3 0 6 6 4 and YBa 2 Cu 3 0 7 0 [28], Between 
100 K and 200 K, the temperature dependence of 
(Ti T)~1 begins to weaken and the rates drop sharply 

as the temperature decreases below about 100 K. 
Careful investigation of the Meissner effect and rf 
shielding properties of our samples reveals no evidence 
of macroscopic superconductivity above 60 K. Al-
though further work is required to achieve a complete 
understanding of the relaxation behavior, the data 
suggest the possibility that Cu spins begin to pair well 
above Tc due to local superconducting fluctuations. As 
we have shown, the full chain-empty chain ordering 
creates regions that locally resemble the structure of 
the 90 K superconductor. Because the superconduct-
ing coherence length is comparable with the lattice 
constant and hence with the scale of the structural 
modulations, it is possible that the system begins to 
develop local pairing below 100 K. 

V. Summary 

The nuclear relaxation data reveal that the Cu spin 
dynamics in YBa 2 Cu 3 0 6 + JC are profoundly influenced 
by both electron correlation and electron transfer 
effects. The experiments lead to a description of the 
magnetic behavior in terms of a band of delocalized, 
but highly correlated Cu-d -O-p electronic states. The 
generalized q-dependent susceptibility is enhanced at 
finite g-values by antiferromagnetic fluctuations, but 
for high oxygen concentrations the system shows no 
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sign of m a g n e t i c o r d e r and , p r e s u m a b l y , the f luc tua -
t ions h a v e a re lat ively sho r t c o r r e l a t i o n length . Below 
T c , t he suscept ib i l i ty is u n i f o r m l y supp re s sed a t all 
g -va lues as the c o n c e n t r a t i o n of exci ted quas ipa r t i c l e s 
decreases . 

W h e n oxygen is r e m o v e d f r o m Y B a 2 C u 3 0 7 0 , the 
vacanc ies in the c h a i n layer a r r a n g e so as to gene ra t e 
a h igh c o n c e n t r a t i o n of two- fo ld c o o r d i n a t e d C u + 

C u ( l ) sites. T h e p re sence of these lower va lence s ta tes 
t e n d s t o m a i n t a i n a h ighe r ca r r i e r c o n c e n t r a t i o n o n 
the r e m a i n i n g sites a n d in the p lanes . T h e spin d y n a m -
ics a t the C u ( 2 ) p l a n a r sites a re affected s ignif icant ly 
by t he c h a n g e in oxygen c o n t e n t , s h o w i n g t h a t the 
C u - C u s u p e r e x c h a n g e i n t e r ac t i on of the insu la t ing 
a n t i f e r r o m a g n e t is increas ingly i r re levant as x 1. 
R a t h e r , the p resence of ca r r i e r s t e n d s to increase the 

r a t e of spin f l u c t u a t i o n o n the C u sites d u e to the 
c o m b i n e d effects of d - e l ec t ron i t i ne rancy a n d d - p ex-
c h a n g e in te rac t ions . At l ower t e m p e r a t u r e s , b u t well 
a b o v e T c , nuc lea r r e l axa t ion at C u ( 2 ) is s t rong ly in-
h ib i ted in the 60 K s u p e r c o n d u c t o r . T h i s sugges ts the 
d e v e l o p m e n t of sp in -pa i r ed singlet s ta tes , poss ib ly d u e 
to local s u p e r c o n d u c t i n g f luc tua t ions . 

T h e a u t h o r s a re deep ly i n d e b t e d to R. F. Bell a n d 
G . F. Brenne r t for t echnica l a s s i s t ance in t he exper i -
m e n t s a n d to R. J. C a v a a n d G . P. E s p i n o s a w h o 
p r o v i d e d the samples . We a l so wish t o t h a n k B. Ba t -
logg, L. F. Ma t the i s s , A. Millis, S. Shas t ry , a n d 
C. V a r m a for thei r c o n t r i b u t i o n s d u r i n g n u m e r o u s 
discussions . L. F. M a t t h e i s s a n d D . R. H a m a n n k ind ly 
gave us pe rmis s ion to r e p r o d u c e F i g u r e 1. 
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