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A full account is given of an NMR investigation of planar oxygen in the normal state ( T & T, ) of two
characteristic superconducting Y-Ba-Cu-0 single crystals: YBa2Cu306» representing the underdoped
"60-K phase, " and YBa&»Sro 0,Cu3O7 representing the overdoped "90-K phase. " (We argue that Sr im-
purities in the latter crystal do not significantly change the behavior of the system. ) Data are analyzed
within the framework of the Mila-Rice spin Hamiltonian and using inelastic-neutron-scattering results,
in order to obtain detailed and consistent information on the antiferromagnetic fluctuations (AFF) in
this system. Within the model, the filtering of the AFF at the oxygen site is always found to be imper-
fect, even for the AFF that are localized to a maximum degree in the q space around Q~„. In our over-
doped sample this is also confirmed experimentally, in contradiction to other published data. Any shape
of y"(q —Q~„l that falls off slower than Gaussian is found to be incompatible with experimental data.
In the underdoped regime, the observed temperature dependence of the Tl anisotropy is in clear con-
tradiction with any single-component model. A possible explanation could involve an extra contribution
to relaxation coming from spinless quasiparticles.

I. INTRODUCTION

In the investigation of the electronic and magnetic
structure of high-T, superconducting oxides, NMR has
brought a number of foundation stones that put severe
constraints on any comprehensive microscopic theory of
these fascinating materials. ' Among the various com-
pounds of this family, the YBazCu306+„system (YBCO)
has been one of the most studied by this technique. On
one hand, by varying the oxygen stoichiometry x between
0 and 1, it offers the possibility of describing a wide range
in the phase diagram: antiferromagnetism for x (0.4
and the metallic regime with low- and high-hole-doping
level for x increasing from 0.4 to 1. On the other hand,
through Cu, ' 0, and Y NMR, it offers a convenient
opportunity to study the low-energy excitations in the
Cu02- Y-CuO2 sandwich at different sites involving
different wave functions and different symmetries.

As far as the normal state is concerned, several
features are now well established by NMR.

(i) The quasilocalized character of the Cu(2) electronic
spin, which interacts with its two nearest-neighbor ox-
ygen atoms O(2) and O(3) through a transferred hyperfine
6eld, a situation which is summarized in the so-called
Mila-Rice spin Hamiltonian.

(ii) From the comparison between the temperature
dependence of (T, T) ' for the Cu(2) and O(2, 3) sites, it
was possible quite early to infer the existence of antiferro-
magnetic Iluctuations (AFF) in the normal state of these
superconducting oxides, the contribution of these
AFF being 61tered at the oxygen site due to a geometrical

form factor. '

(iii) The possibility, as far as low-energy excitations are
concerned, to reduce the starting three-band Hamiltonian
to a single eff'ective band approximation (like the t Jmod--
el") has been demonstrated by comparing the tempera-
ture dependences of the axial and the isotropic part of the
magnetic hyperfine shift (MHS) tensor of the O(2, 3) site '

in the substoichiometric YBa2Cu30&+ (x (0.9). The ex-
perimental results exclude the existence of an indepen-
dent spin degree of freedom at the oxygen, ' at least, the
contribution of such an additional spin susceptibility to
the MHS is not larger than the error bars on the orbital
part of the MHS.

(iv) The temperature dependence of the MHS tensor
for the three nuclei at Cu(2), ' O(2, 3), ' ' and Y' sites
is the same as that of macroscopic susceptibility. From
temperature independence of the apical oxygen O(4)
MHS tensor, and the values of the MHS tensors of O(2, 3)
and Cu(2), it has been shown that the major part of the
spin density is localized on the Cu(2) site, and that the
temperature dependence of this spin susceptibility (y ) is
mainly localized in the Cu02 planes. ' However, the
microscopic origin of the temperature dependence of y
is not well understood on a theoretical basis yet.

(v) The nuclear-spin-lattice relaxation rate (NSLRR)
divided by the temperature (' T, T) ' at the O(2, 3) site
has been found with a great accuracy to scale linearly
with the MHS tensor K( T) (Refs. 9, 14, and 16)
tIC(T)T, T=const], a behavior quite diff'erent from the
well-known Korringa law (K T, T=const) observed in
the "traditional" three-dimensional metals. It seems
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recognized now that ( T, T) ' at the yttrium site also
obeys the same behavior, although the accuracy is much
lower. '

(vi) Finally, it was shown by Horvatic et al. ' that the
temperature dependence of the Cu(2) NSLRR in
YBa2Cu 306+ could switch between two different
behaviors: (a) For the so-called overdoped regime
(x &0.94), ( TiT) ' continuously increases from high

temperature down to T„ followed by a sudden decrease
just at the phase transition. In the normal state (T & T,),
the static spin susceptibility y (T) remains constant (or
rather slightly increasing' ' ' ). (b) For underdoped
samples (x (0.94), irrespective of the T, value (90 or 60
K), the ( Ti T) ' exhibits a maximum at a temperature
T* of the order of 130 K, which is well above T, . In
such a case, which is also the situation observed in
YBa2Cu408, there is a strong decrease of g (T& T, )
with decreasing temperature. The characteristic cornpo-
sition separating the two regimes (x, =-0.94) corresponds
to the maximum value of T, observed "in the middle" of
the so-called "90-K phase, " so that two different magnet-
ic behaviors can correspond to the same value of T, =—90
K.

The temperature dependence of the NSLRR of the
Cu(2), O(2, 3), and Y sites has been consistently explained
in the framework of the phenomenological model origi-
nally proposed by Millis, Monien, and Pines ' (MMP) to
explain the NMR results in YBa2Cu 307 and later
modified to cover the YBa2Cu306 6~ (Ref. 22) as well. Us-
ing the Mila-Rice Harniltonian and a random-phase-
approximation (RPA) -like scheme to describe the
dynamical spin susceptibility g( q, co ) =g' i y", t—hey
managed to explain the temperature dependence of the
various NSLRR's by combining the temperature depen-
dence of the correlation length g(T) of the AFF and that
of the static susceptibility g ( T). These results have been
reexamined in more detail in Ref. 23, where the authors
concluded that their interpretation of NMR data is not
consistent with susceptibilities deduced from inelastic
neutron scattering (INS). Indeed, the characteristic
energy of the AFF cosz is predicted to be an order of mag-
nitude lower than the values inferred from INS, as al-
ready discussed by Berthier et al. The g values they
obtained from NMR are significantly higher, however,
we remark that in the lower limit of their Gaussian-fit es-
timate the INS values are recovered. The analysis of
the present article can be viewed as an investigation of
this limiting case in an attempt to propose an analysis,
which is consistent with neutron results. In order to en-
sure the consistency, the g values deduced from INS are
taken to be the input parameters of the fit, and there are
other important differences in the analysis and in the in-
terpretation. The key point is the quantitative analysis of
the cancellation of the AFF contribution to the oxygen
O(2, 3) NSLRR both in underdoped and overdoped re-
gimes. The analysis is based on the accurate data on the
O(2, 3) MHS and NSLRR tensors obtained on well-
defined YBa2Cu306 52 and YBai 92Sro O8Cu307 single crys-
tals (instead of oriented powders). Second, we focus on
the NSLRR anisotropy for the O(2, 3) site, as well as its

temperature dependence. We compare the behavior in
the overdoped sample, where the anisotropy is found to
be temperature independent in the normal state, ' ' to
that in the underdoped sample, where it is temperature
dependent. ' ' The anisotropy of the oxygen NSLRR is
shown to be a crucial test for any theoretical attempt to
explain the NSLRR in the YBCO system. In particular,
the temperature dependence of the anisotropy is not com-
patible with descriptions based only on the Mila-Rice
(i.e., single component) Hamiltonian.

The paper is organized as follows: the next section is
devoted to the samples, their characterization (with spe-
cial attention paid to the discussion of Sr impurities in
the x = 1 sample), and to some experimental details. Sec-
tion III presents the experimental results only, while the
discussion and the interpretation of these results are
given in the following two sections. In particular, the ' 0
and Cu NSLRR is discussed with respect to the neutron
data and various MMP-like models in Sec. IV, while Sec.
V is devoted to the analysis of the NSLRR anisotropy.
The final section contains concluding remarks.

II. SAMPLES AND EXPERIMENT

Measurements presented in this paper have been car-
ried out on two "porous" single crystals: sample 1 on
YBai 92Sro osCu307 and sample 2 on YBa2Cu306 52,
which were enriched in ' 0 (typical size was 2X 1 X0.25
mm ). Details on the crystal preparation and characteri-
zation of porous crystals can be found in Ref. 30. As al-
ready discussed in Ref. 3, their main advantage, besides
the size, is the more efFicient oxygenation process, which
is fundamental for the homogeneity of oxygen concentra-
tion in the samples. To enrich the crystals in ' 0, they
were placed on an alumina nacelle inside a quartz tube in
which the available volume for gas exchange was reduced
to about 1 cm . After 3 h under vacuum, the quartz tube
is filled with enriched oxygen (51% of ' 0) at a pressure
of 0.8 bar, heated at 1193 K for 10 h, and cooled down to
room temperature at a rate of 50 K/h. The gas left in the
tube is replaced by enriched oxygen, the sample is heated
again at 1193K for 10 h, and then cooled down to 984 K,
793 K, and room temperature at cooling rate values of 20
K/h, 10 K/h, and 5 K/h, respectively. This last treat-
rnent allows us to reach a stoichiometry very close to
x = 1 for YBa2Cu306+ . In order to obtain the
stoichiornetry x =0.5, a different procedure was applied:
200 mg of YBa2Cu306O6 and YBa2Cu307 ceramics al-
ready enriched in ' 0 are mixed in equal quantities,
placed into the alumina nacelle together with the ' 0 en-
riched YBa2Cu307 crystals (total weight of about 4 mg),
and then sealed in the quartz tube with a very small avail-
able volume for gas. After heating at a rate of 300 K/h,
the tube is maintained at 993 K for 10 h, and then cooled
down to 793 K and room temperature at 10 K/h and 5
K/h cooling rates. The final stoichiometry was deter-
mined by measuring the weight change of the ceramics
and found equal to x =0.52+0.02. The quality of sam-
ples is tested by the a.c. magnetic susceptibility measure-
ments with weak alternating field applied along the a-b
plane and results are shown in Fig. 1; the transition tem-
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peratures are found to be T, = 89 K and 59 K for samples
1 and 2, respectively.

Regarding sample 2, we note that despite its low oxy-
gen content, the T, is rather high; the same value is usu-

ally associated with YBa2Cu&06 67 where only —,
' of the

chain oxygens O(1) are absent. We might speculate that
properties of 60-K phase samples are rather dependent on
the degree of ordering of oxygens in chains. With this
respect, sample 2 can be regarded as being another well-

ordered example of the 60-K phase, the one that is close
to the case corresponding to emptying —,

' of the O(1) sites,

instead of —,
' for the typical 60-K-phase oxygen concentra-

tion. This is supported by a very narrow superconduct-
ing transition shown in Fig. 1(b), as well as by rather nar-
row NMR lines as exemplified by Fig. 2(b) showing the
oxygen (1/2, 3/2) satellite line. Furthermore, as discussed
in Refs. 2 and 28, the degree of order can be directly mea-
sured using the relative intensity of the "empty chain"
Cu(1,Oz) and the plane copper Cu(2) line. The experi-
mental value of 0.45+0.05 is considerably above the
value 0.25, which is expected for a random distribution of
oxygen vacancies and very close to the value 0.5, corre-
sponding to perfect order.

According to the value of T„sample 1 clearly belongs
to the 90-K phase; however, as the barium that was used
in its synthesis contained 4%%uo strontium, it is a priori not
clear how the properties of this sample compare to the
"pure" YBCO. For several reasons we argue that sample
1 is actually a very good representative of pure (over-

doped) YBa2Cu&07 and that the only consequence of the

presence of strontium (at least as far as the NMR results
are concerned) is to slightly increase (over)doping, which
is rejected in the corresponding decrease of T, by =—3 K.
First, although the width of NMR lines [which includes
the width of the electric-field gradient (EFG) distribu-
tion] is very sensitive to impurities, all the NMR lines
were found to be very narrow, and all the characteristic
quantities [i.e., EFG, magnetic hyperfine shift (MHS) and
NSLRR tensors] are equal or very close to results of oth-
er authors on high-quality YBa2Cu~07 samples. For ex-

ample, in Fig. 2(a) the first satellite [i.e., (1/2, 3/2) transi-
tion] of the O(2, 3) spectrum is shown for the
configuration when Ho is parallel to the Cu-0-Cu bond,
the so-called Z axis, where one can clearly distinguish the
different contribution of O(2) and O(3) sites; the distribu-
tions of oxygen EFG are very narrow confirming the
quality of the sample. Figure 3(a) shows that the temper-
ature dependence of Cu(2) NSLRR compares very well to
the published YBazCu&07 NMR data. The anisotropy of
Cu(2) relaxation T, '(lc)/T, '(~~c) [Fig. 3(b)] is found to
be temperature independent for T& T, and equal to 3.4
(except at T= 100 K, where it reaches the value of 3.7) in

agreement with recent data of Borsa et ah. ' but some-
what lower than 3.7 reported by Barrett et al. [As an
aside, we remark that in the determination of Ti (lc)
NMR results one should take into account the correc-
tions corresponding to perturbation of pure Zeeman spin
states by the quadrupole Hamiltonian. ] Second, sample
1 is clearly overdoped as there is definitively no trace of
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by Rossat-Mignod et al. ' for x =0.69 (T, =59 K) and
not for x =0.52 (the presence of strontium limits the or-
dering of oxygen vacancies in the CuO chains and makes
T, substantially lower). In any case, we analyzed the
NMR and neutron data taken in the equivalent samples
and the analysis is thus fully self-consistent, even if it
turns out that the effect of Sr impurities in x =1 samples
are somehow important.

Measurements were performed with fixed external
magnetic field Ho=5. 75 T using a modified CXP-100
spectrometer and a Nicolet LAS12/70 for data acquisi-
tion, both being monitored by a PC. In the NSLRR mea-
surements, the following modification of the standard ~-
t ~/2 r m-p-ulse sequence was used:
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FIG. 3. (a) Normal state (T, T) ' of planar copper Cu(2) in
sample I (,Ho~~a bplane) co-mpared to the (~,Ho~~c axis) data
reported by Hammel et al. (b) NSLRR anisotropy (Ref. 33)
(Tj /T) )

' in sample 1.
II

the spin-gap opening above T, in the Cu(2) NSLRR; the
transition shown in Fig. 3(a) is even sharper than in other
NMR results, since our measurement corresponds to the
orientation Ho~~a-b plane. Furthermore, the spin suscep-
tibility, as deduced from the oxygen MHS, never de-
creases for temperatures larger than T, (as it does in sub-
stoichiometric YBCO), but rather increases with decreas-
ing temperature, a behavior characteristic of the over-
doped compounds. Regarding the properties of sample
1, we also note that the width of the superconducting
transition (—=2 K) is rather large as compared to the best
YBazCu307 (0.3 K). This should be regarded as a conse-
quence of Sr impurities, and not as a sign of an inhomo-
geneity of oxygen concentration: this latter would induce
a distribution of the MHS, and thus a temperature depen-
dence of the O(2, 3) NMR linewidths, which is not ob-
served. Finally, in our data analysis we used the inelastic
neutron-scattering measurements by Rossat-Mignod and
co-workers ' which were also carried out on a
YBa2Cu306+„single crystal grown in the same place
along the same procedure as ours, and also made of
barium with 3.5% strontium impurities (4% in our sam-
ple I). All the neutron measurements have been carried
out on one big crystal in which the oxygen concentration
x has been varied to cover the whole phase diagram.
These results were confirmed by other groups supposedly
working on pure YBCO, ' at least for x (0.9 where
other results are available. Note that the NMR data for
sample 2, which is really Sr free and belongs to the 60-K
plateau, must be compared to the neutron data obtained
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33 ~ 15 33 ~ 20
I s ~ i ~ s I i i I

33.25 33.30
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FIG. 4. Line shape corresponding to the ( —1/2, 1/2) transi-
tion in sample 2 for O(2, 3) and O(4) nuclei and the orientation
IIo ~~a and b axis. These two spectra are superposed due to the
twinning of the single crystal along (110). The solid line corre-
sponds to a computer fit with a Gaussian line shape. The fit of
the O(4) line shape (the low-frequency line) is only provisional,
since two distinct transitions are fitted with only one Gaussian.

which eliminates unwanted stray stimulated echo signals
and provides directly the difference between signals at
time t and infinity. In this case, relaxation rate is deter-
mined just by a two-parameter fit to the theoretical
curve, which increases the precision and reliability of
results. For the O(2, 3) site, the data were obtained on the
first low-frequency satellite, and results were occasionally
checked on the second low-frequency satellite as dis-
cussed in Ref. 8.

In the comparison of the a and b components of oxy-
gen MHS reported here to the ones obtained from orient-
ed powder samples, one should note that in the latter case
the value is determined from the position of "van Hove"
singularity of the "two-dimensional" powder spectrum,
while in the case of a single crystal MHS corresponds to
the line peak as illustrated in Fig. 4. Naturally, the pre-
cision of single-crystal data is much better.
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III. RESULTS 0 ~ 35 ~ I ~ ~ I ~ ~ ~ ~ I

~ ~ ~
The EFG tensors experienced by the nuclei at the 0(2)

and 0(3) sites has been determined by fitting the line posi-
tion of the complete spectrum (i.e., five lines for each site)
for the orientation Ho~~c axis. The largest component
of the tensor Vzz is along the Cu—0—Cu bond, and the
smallest one Vzz along the c axis, thus defining a local
coordinate system at the planar oxygen sites shown in
Fig. 5. Knowing the EFG parameters, which are found
to be temperature independent, one can easily determine
the complete MHS tensors as a function of the
temperature —using just the line positions of central
lines, as shown in Fig. 4. Note that (Fig. 5) when Ho is
perpendicular to the c axis and parallel to the a axis [b
axis] of the crystal, Ho is along the Z axis (i.e., parallel to
the Cu—0—Cu bond) for site 0(2) [0(3)], and along the
F axis (i.e., perpendicular to the Cu—0—Cu bond) for
site 0(3) [0(2)]. Because the crystals are twinned along
(110), when Ho is oriented parallel to the a axis (and per-
pendicular to the c axis) in one type of domain, it is au-
tomatically parallel to the b axis in the other type of
domain, leading to the spectrum, which is a superposition
of lines corresponding to both 0(2) and 0(3) sites and
both Ho

~ ~

Y and Ho ((Z orientations. The EFG tensors of
two sites are only slightly di6'erent so that customarily,
for each orientation Z, F, and c =X, we speak of the
0(2,3) line which may be split in two as shown in Fig.
2(a). No significant difference could be detected in the
corresponding MHS and NSLRR tensors. (In order to
detect the possible di6'erence in NSLRR, the analysis of
relaxation has been occasionally performed on the
Fourier transform of the echo, for two peaks separately. )

Figure 6 summarizes the ' 0(2,3) MHS results in sam-
ple 1. Note that E is slightly increasing when decreas-
ing temperature, which means that the spin susceptibility
is not flat, but slightly increasing as already noticed by
Walstedt et al. ' by copper and Balakrishnan et al. ' by
yttrium MHS. This is now recognized as a signature of
overdoped samples, which is the case of pure
YBa2Cu307. Going further in the details, it can be seen
that when Ho is parallel to the c axis, the spin susceptibil-
ity seems to pass through a maximum around T= 110 K,
whereas when Ho is in the a-b plane there is definitely no
decrease of MHS down to T, ~

Figure 7 shows the temperature dependence of all the
components of the 0(2,3) NSLRR tensor; the most im-
portant feature of these data is that (' T, T) ' also con-
tinuously increases when decreasing the temperature
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from 350 K down to T„although this increase is much
less pronounced than that for the Cu(2) ( T, T) '. How-
ever, the increase is clearly stronger than the one ob-
served by the MHS and it is more pronounced when Ho
is in the a bplane (th-e same is true for the MHS). Note
that in YBa2Cu307 only a temperature independent
behavior (Fig. 8) has been reported so far ' correspond-
ing to the c-axis component of NSLRR measured on
oriented powders. One possible explanation is that in
these cases the increasing behavior has been hidden by
experimental error, relatively limited temperature range,
and by the fact that in these samples one actually ob-
serves a small "precursor decrease" of NSLRR somewhat
above T,—which fiattens out the (T, T) ' vs T depen-
dence (Fig. 8). Another possibility is that these data
came from slightly substoichiometric samples, where con-
stant (T, T) " corresponds to MHS (i.e., static suscepti-
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bility) which is slightly decreasing with temperature, so
that the ratio (T, T) 'iIC presents the same temperature
dependence as in sample 1.

The MHS and (T&T) ' of sample 2 shown in Figs. 9
and 10 show strong temperature dependence of these
quantities, which is essentially equal (or equivalent —note
the difference in samples and technique) to those already
reported in 60-K-phase samples. ' ' As we see in Fig.
11, the relationship between Kzz and Krr is linear (the
slope EKzz/AKrr= 1.7+0.02) even in the supercon-
ducting regime, and the lowest values Kzz =0.06+0.005
and IC&&=0.02+0.005 (measured at 30 K) are just be-
tween those determined by Takigawa et al. and
Yoshinari et a/. ' As in the case of Ho~~c-axis data, '" in
Fig. 12 we see that the (T, T) ' for the Ho~~ F axis is
found to be accurately proportional to the MHS, while
Ho~~Z data reveal deviations from this behavior below
100 K (and perhaps also above 250 K). A very important
consequence is that the anisotropy of the relaxation rate

R r=z( ,Tr T)

' I( T,z T )
' is temperature dependent

(Fig. 13) as already observed by Barriquand et al. We
have checked that the decrease of the NSLRR anisotropy
measured in sample 2 below —100 K (a value of
R rz = l. 17 is found at 60 K) is not an artifact of the cross
relaxation between the oxygen nuclei in the Ho~~Z- and
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Ho~~ Y-axis configurations (these oxygen nuclei are the
nearest neighbors), which may proceed via the
(1/2, —1/2) transition, as these NMR lines overlap for
temperature just above T, . Our cross-relaxation experi-
ment showed that this effect cannot significantly inhuence
the results of the NSLRR measurements.

Returning to the discussion of the proportionality be-
tween (T& T) ' and MHS data, we note that the extra-

Y

polation of this dependence, i.e., of

+ZZ( 1'Y)( T) +( 1Y ) ++zz( FY)(0) ~

6 0 I I I I

40

30

20

10
e

to T=O leads to the values Kzz(rr)(0) which are the
same as those directly measured at 30 K. This point is
actually very important as it confirms the precise propor-
tionality between (TirT) ' and the spin part of MHS,
K' '"=K(T)—K(T=O). Note that for small deviations
from proportionality we would still observe linear rela-
tion (1) (within the given precision of experimental data),
however, the so-deduced Kzz(rr)(0) values would be
smaller or greater than zero-temperature MHS, corre-
sponding to ( Yi r T )

' decreasing with temperature
slower or faster than the MHS.

Let us now consider the temperature dependence of the
ratio of copper and oxygen NSLRR ' R
=( Ti/' T, )

' shown in Fig. 14. Our results in the
normal state of sainple 1 (YBa, 9~Sro osCu307) show that

' R is continuously increasing when decreasing T from
300 K down to T, . It was first claimed by Hammel
et al. that ' R in YBazCu307 was increasing when de-
creasing the temperature from room temperature down
to 120 K and then kept constant. More recently,
Yoshinari et al. have repeated these measurements and
found that ' R was increasing when decreasing from
room temperature down to 100 K, fIattens between 100
and 77 K (with T, = 87 K) and then decreases down to
the room temperature value when decreasing further the
temperature. However, in their samples, both ( Ti T)
and (' TiT) ' start to decrease well above T„which
seems to indicate that their sample is actually slightly
substoichiometric. We think that the behavior observed
on our sample 1 is the correct one when there is no open-
ing of any gap in the AF spin fIuctuations, a situation
corresponding to a true overdoped compound.

If we now turn to the 60-K phase, we see that ' R in
sample 2 shows a pronounced Aattening starting below
T*, the temperature corresponding to the maximum of
( T, T )

' when decreasing temperature from 300 K
down to T, . This differs from the behavior reported by
Takigawa et al. in YBa2Cu306 63 where ' R was

s I0

50 100 150 200 250 300 350
T(K)

FIG. 14. Temperature dependence of copper to oxygen
NSLRR ratio (with Ho~~c axis) in samples 1 (f) and 2 ( ). For
sample 1 the copper T& data were actually simulated by the

C

(3.4 X 'T, ) data, i.e., by the 'T, corrected for the corre-
a, b a, b

sponding NSLRR anisotropy.

found continuously increasing down to T, ; however, we
believe that our result, rejecting the opening of the pseu-
dogap for magnetic excitations, is typical for underdoped
samples, which is corroborated by the same behavior ob-
served in YBazCu4O8 by Zheng et al.

IV. DISCUSSION

The key point in the interpretation of the data is of
course the choice of the Hamiltonian connecting the nu-
clear spins (i.e., the NMR probe) and the (electronic) sys-
tem under investigation. Namely, all the formulas used
in the interpretation of the MHS and NSLRR are actual-
ly precisely defined by this Hamiltonian. We shall limit
the discussion to the so-called Mila-Rice Hamiltonian,
which seems to be quite successful in describing the
NMR data, and which was recently also corroborated by
the microscopic derivation. The principal assumption
is that, as far as the nuclear spins are concerned, there is
only one relevant variable in the system, namely, the elec-
tronic spin S localized at the Cu(2) sites. Each nuclear
spin is supposed to be linearly coupled to the nearest-
neighboring (NN) copper spins S, so that for Cu(2),
' O(2, 3) nuclei in the CuOz plane, and nearby Y, the
Hamiltonian equals

4 2
H= y "y1% 'I A S + "yA' y 8"I S + "yA' y

8' I; C S; + yh' g ' I; D S;

where A is the Cu(2) on-site hyperfine coupling tensor,
and B is the hyperfine coupling constant at the Cu(2) site
transferred from the four NN Cu(2) spins (which is as-
sumed to be a scalar corresponding to the coupling real-

ized via an on-site s orbital), C is the hyperfine coupling
tensor at the O(2, 3) site transferred from each of its two
NN Cu(2) spins, and D is the hyperfine coupling tensor at
the Y site transferred from each of its eight NN Cu(2)
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spins via the oxygen orbitals.
Note that a priori we have to admit the possibility of

the existence of an independent oxygen 2p band whose in-
teraction with oxygen (or yttrium) nuclei cannot be
represented by (i.e. , reduced to) coupling to Cu(2) spins S.
As this possibility is not taken into account in the Mila-
Rice Hamiltonian, we start the following paragraph by
the precise formulation of the analysis of the oxygen
MHS tensor data, used to prove the neglect of an in-
dependent oxygen contribution in the Hamiltonian (2).

A. Magnetic hyperfine shift

Experimentally, the MHS tensor of planar oxygen has
a nearly axial symmetry with respect to the Z axis (Fig.
5), and it is convenient to decompose its spin part ' K'~'"
into the isotropic (K;„) and axial (K,„) components as
follows:

K,'i","= ( 2f, 3 z, /g pii )gP'„'", (4a)

K'„'"= (2fp A,~ Ig pii )yP„""+( 3~„lg pii )yhofes, (4b)

where Az (Az, ) are the hyperfine coupling constants as-
sociated to an unpaired spin in the oxygen 2p (2s) orbi-
tals, and f (f, ) are the fraction (per Cu) of oxygen 2p (2s)
orbitals polarized by overlap and hybridization with Cu
3d orbitals. Below T„both yP„"" as well as yh~'~"„vanish,
and at T=O the MHS is reduced to its orbital component
K,„(T=O)=K;„' and K,„(T=O)=K,",, , which is ex-
pected and supposed to be temperature independent. In
the normal state, if there is no contribution from the oxy-
gen band, i.e., if g&,'~"„=0, both K',"'" and K,',",'" com-
ponents will be proportional to gP'„'"; in the 60-K-phase
samples, using the strong temperature dependence of
MHS, we will then experimentally verify that two com-
ponents are precisely proportional. Conversely, any devi-
ation from proportionality will indicate the presence of
gh~'&"„(which is then distinguished from yP'„'" by different
temperature dependence).

Using an argument equivalent to the one exposed in
the preceding section in the discussion of proportionality
between (Ti T) ' and MHS, we see that the essential

point in this test is the precise determination of orbital
(i.e., T=0) MHS. The proportionality is actually
verified, and from Eq. (4b) we see that this means that the
magnitude of the term (22„/gpii)yg'&"„ is smaller or
equal to the error bars on K,",b. In our measurements, we
can estimate this error to 0.006%, which corresponds to
the upper limit for gh, &„equal to 2X 10 e.m. u./mole of
O(2, 3).

In the following, we will suppose that gh, &„=0 and,
consequently, that Mila-Rice Hamiltonian (2) provides a

K' '"(0)=K;„+K,„(3cos-9 —1)/2,

where 0 is the angle between the external applied magnet-
ic field II0 and the Z axis. Taking into account both the
contribution transferred from NN copper and the contri-
bution of an oxygen p band, one can write:

full description of the system. Putting f, Az, =C;„and
f 3 z

=C,„ in Eq. (4) we obtain the equation

' K'~'" =2C yP'„'"/gp~, a =X, Y,Z, (5)

which directly corresponds to the oxygen part of the
Mila-Rice Hamiltonian (2). Using the temperature
dependence of the susceptibility and MHS, from Eq. (5)
one can deduce the hyperfine coupling tensor C. This
was not possible in our case, as the susceptibility data
were polluted due to a small amount of "green phase"
hard to avoid in the type of crystal we have used. We
thus refer the reader to the values given by Yoshinari
et al. ,

' who also found that C values are rather in-
dependent of the composition. (This result relies on the
assumption that the total spin susceptibility y (expressed
in e.m.u. /mole) is equally distributed over Cu(2) and
Cu(1) sites, i.e., that ym"=y /[(2+x )N~), where N~ is
the Avogadro number —a hypothesis, which remains to
be proved. ) Taking their values, Czz = 157 kOe,
C~~=90 kOe, and C~~=96 kOe, we found that in
YBa, 92Sro OsCu307 (sample 1) the y increases from
0.90X10 to 0.96X10 e.m. u./mole of Cu, when the
temperature decreases from 300 to 120 K; Graf and co-
workers showed that such an increase of y (T) vs de-
creasing temperature is a characteristic of the overdoped
YBCO.

In YBa2Cu306 52, g decreases from 0.66X10 to
0.20X10 e.m.u. /mole of Cu when the temperature de-
creases from 300 to 60 K. The microscopic origin of the
decrease of the static spin susceptibility, which seems to
be systematically related to the appearance of the open-
ing above T, of a pseudogap for the antiferromagnetic ex-
citations (directly observed by neutron or NMR in
La, Sr Cu04, YBa2Cu408, and substoichiometric
YBCO) is one of the theoretical challenges offered by the
high-T, superconductors at the moment. Recently, such
a decrease of y has been obtained by quantum dynamical
Monte Carlo calculations and also in the analysis of the
t-J model given by Tanamoto, Kohno, and Fukuyama,
however, experimentally, the AFF are at the same time
increasing with decreasing temperature, contrary to the
corresponding theoretical prediction of the t-J model.

B. Nuclear spin-lattice relaxation

From the Mila-Rice Hamiltonian, the NSLRR of nu-
clei can be expressed as

where index n denotes the chosen nucleus ( Cu, ' 0, or
Y), and y"(q, co„) is the imaginary part of magnetic sus-

ceptibility of localized copper spins S (in q space, at the
NMR frequency co„=O). Taking into account the relative
position of nucleus and NN copper spins, we obtain the
following form factors, i.e., the Fourier-transformed
hyperfine coupling constants (squared):
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I
"a„(q)

~

= [Ai+2B(cosq, a+cosqbb)] for Ho~~c axis,

2 J (q)~ = 1 /2I [ A i +2B(cosq, a +cosqbb )] + [ 3
~~

+2B(cosq, a +cosqbb )] I for Hole axis

~' Arr(q)~ =(C +C&3)[1+(cosq,a+cosq&b)/2]

(7a)

(7b)

(7c)

Arr(q)~ =4(D +DI3&)(1+cosq,a)(1+cosqbb)(1+cosq, c) for Ho~~y axis, (7d)

where a, P, y correspond to any circular permutation of
the local directions X, Y,Z defined in Fig. 5. The pres-
ence of antiferromagnetic fluctuations means that
g"(q, co„) is peaked at the antiferromagnetic wave vector
QAF=(~/a, m/a). If the AF peak of y" is strong, this
contribution will be dominant in the Cu relaxation
where A (QA„)WO, however, it will be strongly
suppressed (filtered out) in oxygen and yttrium relaxation
as ' ' A(Q~„)=0, and for these nuclei relaxation is
determined by the contribution around q=o. Experi-
mentally, the difference in the magnitude and the temper-
ature dependence of ( T, T) ' and (' T, T) ' has been
the first evidence for the existence of AFF in the normal
phase of YBa2Cu306+ . This is now definitively
confirmed by the inelastic neutron scattering, which pro-
vides the direct measurement of y"(q, co) as a function of
both variabl

In the following, we will try to put together coherently
the NMR NSLRR data interpreted within the above-
exposed formalism and the neutron data, in order to ob-
tain maximum information on g"(q, co). Note that neu-
trons provide information corresponding to energies of a
few meV or greater, while for NMR Ace„ is four to five
orders of magnitude smaller. In order to compare the
data, we describe y"(co) measured by neutrons by a
Lorentzian,

coI (co)/m

[r(~)/~]'+~' ' (8)

in which we allow for an energy dependence of I . For
I'(co,„)/n=co, „ this function attains its maximum
g",„=g"(co,„)=y(0)/2. As the neutron data provide
y"(co) in arbitrary units, it is convenient to normalize
them by the maximum value; in this way y(0) is eliminat-
ed from Eq. (8) and g"( co ) /g"

„, „can be directly
transformed to the energy dependent I . From the neu-
tron results, which are available for Q~„, and for
samples with T, ~60 K, we find that A'I (QA„,co,„)/~
equals 25 —30 meV and is essentially independent of tem-
perature and sample composition. Below —15 meV the
y"(Q~„,co) is proportional to co, and the corresponding
I (Q~„,co-O) is 2 —3 times greater. [As an aside we re-
mark that, within the present description, an opening of
the gap or pseudogap with decreasing temperature is
refiected as an anomalous increase of I (co-O).] We as-
sume that this proportionality holds down to the NMR
frequency, so that, from the zero frequency limit of Eq.
(8), for NMR we obtain the relation,

& (q~~n ) y(q, co=0)
r(q, ~=o)/~ ' (9)

connecting (Ti T) ' [via Eqs. (6) and (7)] and the MHS
[via Eq. (5)] to the characteristic energy I . Independent-
ly of Eq. (8), we can always regard Eq. (9) as the
definition of I measured by NMR. Equation (8) enables
us to compare energy scales measured by neutrons and
NMR, if we accept that the description given by Eq. (8) is
meaningful.

Neutron results ' also provide us information on
q dependence of y" near Q&F. While the shape of the AF
peak as a function of q is not precisely resolved, we know
that its full width at half maximum b,q/[2' 2'/a] is
temperature independent and equal to 0.124 and 0.27 for
60-K and 90-K phase samples, respectively. Moreover,
the energy dependence of Aq is negligible at 5 —20 meV,
and we will assume that the same is valid down to the
NMR frequency, i.e., in our analysis of NMR data, we
take Aq fixed to the above given values as the principal
parameter taken over from neutron data.

In the analysis of NMR data we first deduce hyperfine
coupling tensors and static susceptibility g(q=O, co=0)
from the MHS measurements [Eq. (5)]. Then, we assume
a particular functional form for the AF peak of g", try to
adjust the magnitude of AF enhancement g"(QAF)/g"(0)
and see if we can consistently fit the temperature depen-
dence of the normal state NSLRR for all the nuclei. If in
the fit we find unsolvable incompatibility of various data,
we should doubt the validity of starting (model) Mila-
Rice Hamiltonian. Successful fit would confirm the
Mila-Rice description and supply us with the full and de-
tailed information on q and temperature dependence of
magnetic susceptibility.

We remark that, throughout this section we will con-
sider only the relaxation rates measured in the c-axis
direction, corresponding to the in-plane fluctuations of
magnetic field. In this way the analysis does not depend
on the anisotropy of spin susceptibility, if it exists. The
anisotropy of relaxation is thus treated separately: for
copper Cu(2) as an additional (and optional) constraint on
the choice of the copper coupling constants, while for the
oxygen it is discussed in detail in Sec. V. Unfortunately,
in our 60-K phase single crystal the oxygen ' T, datac=X
are not available and we replaced them with ' T] values,
which are nearly the same due to the symmetry with
respect to the Z axis (Fig. 5). The temperature depen-
dence of the anisotropy of oxygen relaxation, discussed in
Sec. V, is driven only by ' Ti data; it is natural to ex-'Z
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pect that any additional (anomalous) contribution to re-
laxation first shows up in the Z axis data, as the relaxa-
tion is much slower in this direction.

The central point in the analysis of NMR data is that
the anomalous temperature dependence of AFF [mea-

sured by Cu (T, T) '] is suppressed by the oxygen (and
yttrium) form factor and does not affect oxygen NSLRR.
We thus begin by looking at oxygen data to see quantita-
tively how efficient this filtering is, and from Eqs. (5), (6),
(7c), and (9) we deduce the following formula:

I (q=O, co=0)=
17 2k

ZZ XX
~ (C2 +C2 )1/2

Pa

(ICz2z+re~~ )'"
(

i7T T)ly

x"(q, ~. )
X g I 1+(cosq, a+cosqbb )/2I

X 0~ a' n

(10)

which proved to be very convenient. Note that in 60-K
phase strong temperature variations of (' Ti T) ' and

MHS are precisely proportional (see Fig. 12 for the HOII Y
data in our sample 2 and Refs. 9 and 14 for the corre-
sponding c =X data), making the second bracket of Eq.
(10) constant, while in the overdoped sample 1 this term
is only weakly temperature dependent. The third bracket
measures the efficiency of the AFF filtering by the oxygen
form factor; for perfect filtering it should be equal to 1,
while the deviation from perfect filtering would increase
this number and at the same time make it temperature
dependent —it will increase with decreasing temperature
reAecting the anomalous temperature dependence of
copper ( T, T) '. The crucial point in our analysis of
oxygen data is that, having in mind formula (1), we inter
pret the precise proportionality of (' T, T) ' and MHS

7

in the 60-K phase as the proof that the filtering is perfect
and that I (q=O) is temperature independent. Another
possibility is that the temperature dependence of the
third bracket of Eq. (10) (induced by imperfect filtering) is
by chance equal to the temperature dependence of
I (q=O), as supposed by Monien et al. ' Note that
there is no physical reason for these two different quanti-
ties, corresponding to different excitations (q =0 and
Q~F) with completely different temperature dependences,
to be proportional. Moreover, if we allowed for the un-
known temperature dependence of I"(q=O) in the fit, we
would actually introduce an arbitrary function, which can
"explain" any difference between temperature depen-
dences of copper and oxygen relaxation whatever the q
dependence of y" is, and this would make the fit essen-
tially useless for the moment. The only possibility to ex-
perimentally verify the hypothesis of perfect filtering is to
perform precise measurements of the temperature depen-
dence of the ratio of oxygen to yttrium NSLRR ' R in
the same sample (one should be able to discern the
' ~ 9R(T) variations of less than —5%). Namely, due to
the different form factors (7c) and (7d) the filtering is
significantly more efficient at Y than at O(2, 3), and any
remaining AFF component in oxygen relaxation would
show up in the temperature dependence of ' R. Unfor-
tunately, these data are not yet available.

In the following we will consider that in the 60-K

1/T, g I
"A(q)I'J&S, (t)S (0))e "dt

q

g I' A(q) &S (0)S (0))r,
q

(1 la)

(1 lb)

(1 lc)

where Eq. (11b) formally defines correlation time
while Eq. (11c) is valid only approximately, since the oxy-
gen form factor is peaked at q =0. Again, A/z,
represents the energy width of the spectral weight of the
excitations, and the perfect filtering constraint tells us
that the mean square amplitude of the spin Auctuations
around q=0 and the static spin susceptibility are propor-
tional. Since both of them have to be proportional to the
number of unpaired spin in the system, we may suspect
that this number of unpaired spin is the physical quanti-
ty, which varies with temperature in substoichiometric
YBCO.

The simplest way to take into account the q depen-
dence of I is to divide the y" into q independent part and
AF enhanced part, i.e., to replace Eq. (9) by

(12)

where all the q dependence of g" is absorbed in the

phase the filtering is perfect, which will immediately al-
low us [from Eq. (10)] to obtain the precise value of
iriI (q=O)=0. 26 eV. This value is significantly greater
than 1 (Q~F) measured by neutrons (if we allow for im-
perfect filtering, it can increase up to 0.30—0.36 eV, in ac-
cord with Ref. 22), so that in the further analysis, for the
sake of generality, we allow for the q dependence of I .

It is interesting to note that 1 (0) does not vary much
with the oxygen concentration; if we suppose that in our
overdoped sample 1 the filtering of AFF is also perfect,
we arrive at a value april (q=O) =0.30 eV. Taking into ac-
count the corrections of AFF, to be discussed below, this
value is actually not smaller than 0.35 eV and strongly
depends on the type of the fit. In order to interpret this
quantity [let us remember that in an ordinary metal
iit'I (q=O)=X(E~) '] it is worthwhile to go back to
another formulation of Eq. (6), i.e., to
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shap--function N satisfying 4(0)=1 and C&(~Q~„~ )—=0.
From Eq. (12), it is clear that the AF enhancement is
measured by

q"(Q„„,~„) y(Q„„)/r(Q „)=1+
~-(0, „) &(0)/r(o)

(13)

The left-hand side of Eq. (13) and the I (0) are the quanti-
ties, which are deduced from the NMR relaxation data
analysis, so that the 1 (Q&F) value determined by neu-

trons is only necessary if one wants to deduce
g(QzF)/g(0) ratio.

Before proceeding with the data analysis, we have to
complete two more steps: (i) to assume a certain shape
for the AF enhancement @(q—Q&F), and verify whether
we can indeed obtain the perfect AFF filtering, and (ii) to
choose the values of the copper hyperfine coupling ten-
sors A and B (for oxygen we stick to C values' men-
tioned in the preceding section).

Three possibilities have been taken into consideration
for the q dependence of the AF enhancement of g":

and

(1) squared Lorentzian @1(q)=1/(1+/ q )

(2) Gaussian NG(q)=exp( —ln2( q ),
(14a)

(14b)

(3) "four Gaussians" 4&4a(q)= —,
' g exp( —ln2$ [q —Q~„j ) (14c)

centered at four incommensurate positions near Q~„, i.e.,
at Q~F/(2~/a) equal to (1/2+5, 1/2) and (1/2, 1/2+fi),
with 5=0.07, as proposed by Tranquada et al. to explain
the q dependence of y"(q, co) of their neutron data in
YBa2Cu3065. The only parameter in the shape func-
tions, i.e., g/a is determined so that the full width at half
maximum (FWHM) of the AFF peak of y" matches the
value measured by neutron scattering. For @I (q) and
&1&G(q) we can find that g/a equals (2'~ —1)' /(2' vrbq)
and 1/(2' orb, q), respectively, where b,q is expressed in
relative lattice units (i.e. , in units of 2' 2~/a for the scan
along the diagonal in two-dimensional q space). For the
case of C&4G(q), by fitting the original neutron data from
Ref. 35 we obtained g/a =3.3.

Note that 41 (q) has been chosen to simulate the same
shape for g" as originally proposed by MMP; ' howev-
er, the formulation is different. Originally, motivated by
the RPA approximation, MMP actually proposed that

yo(T)13' '(g/a )'
x(q) =

1+k'(Q~F —q)'

g( )~(637 /637 )
—i

[63' (Q )[2

(~„—4B)'
+ 1

2 (Ai 4B)— (16)

rate peaks is determined by nesting of the Fermi surface '
is not straightforward because the same position is used
for La-Ba-Sr-Cu-0 and YBCO, while the corresponding
Fermi surfaces are rotated by 45'. '

The choice of the copper hyperfine coupling tensors A
and 8 is much more difficult than for oxygen because the
temperature dependence of K„and K,& corresponds
to A~~+4B and 3~+48, leaving one unknown parame-
ter. This parameter is then deduced either using the
value of the local magnetic field in the Neel phase of
YBa2Cu~06 (assuming that the coupling constants have
not changed), or from the fit to the experimental value of
the anisotropy of copper relaxation. In the latter case,
from Eqs. (6), (7a), and (7b) it is easy to see that when
AFF peak dominates copper relaxation,

and (15) Some deviations from Eq. (16) are expected for finite
strength and q width of the AFF, inducing also the weak
temperature dependence for the predicted NSLRR an-

However, the 1 (Q~„), which is then deduced from the
NMR data is an order of magnitude smaller than the
value measured by neutrons, so that using Eq. (15) we see
no way to make an interpretation consistent with neutron
data.

The Cxaussian shapes correspond to the minimization
of the total q width of the AFF, which in turn provides
the most efficient filtering of AFF by the oxygen form
factor. With respect to this, we can regard the four hard-
ly separated Gaussian @4G(q), proposed by Tranquada
et al. as the shape having the steepest sides. However,
the interpretation where the position of the incommensu-

(kOe)
B (1Oe)

(a)

—344
8

91.5

60 K
(b)

—359
20
79

—440
24
93

90 K
(b)

—510
—46
107

TABLE I. The Cu coupling constants used in the fit: (a) as
given in the analysis of Shimizu et al. (Ref. 12) and (b), while
(A~~+4B) and (A~+4B) were constrained to values deduced
from Cu MHS data by Shimizu et al. (Ref. 12) the transferred
coupling B was adjusted so that the fitted value of copper
NSLRR anisotropy be in accord with the experiment.
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isotropy. Coupling constants derived from both pro-
cedures agree fairly well, however, the results of the fit
are rather sensitive to even small variations of the cou-
pling constants. In our analysis we thus used two sets of
coupling constants given in Table I, which are both de-
duced from the work of Shimizu et al. ' (The values for
the 60-K phase are not significantly different from those
obtained by Takigawa et al. )

As already mentioned, the central point in the analysis
of oxygen relaxation is to determine the degree of filtering
of AFF. Precise measure of this quantity is given by the
ratio between the experimental value of (' Ti T ) ', and

7

the one computed by taking into account only the AF
contribution [i.e., putting in Eq. (12) y(0) =0], a quantity
we call (' Ti T) '. As long as copper relaxation is

dominated by the AF contribution, this ratio is equal to
the ratio between the calculated value

/' RA„=( T, T) '/(' T, T) ' and the experimen-

tal value ' R,„. (Here we only multiplied previously
mentioned quantities by the copper ( R, T) ', in order
to eliminate all the unknown parameters except for the
shape function 4, and thus simplify the calculation of

' RA„.) The values of /' RA„calculated for the 60-K
phase and +L, @G, and @4G shapes of AFF given by Eqs.
(14a), (14b), and (14c) are 31, 115, and 162, respectively.
Compared to the experimental values shown in Fig. 14
[

' R,„(150K)=37],we see that even the narrowest
four-Gaussian shape can hardly satisfy the condition of
efficient filtering of AFF. While Gaussian shape provides
only somewhat less efficient filtering, any other shape
function 4I3 decreasing slower than the Gaussian (e.g. ,
41&L) is definitely ruled out.

For NG and N« functions, more details on the com-
plete fit corresponding to our two samples and two
characteristic temperatures are given in Table II. The

table is organized to follow the fit procedure, which was
chosen to be as simple as possible. The go was calculated
directly from the oxygen MHS and the corresponding
coupling constants, ' so that this value is considered "ex-
perimental" (it is not a fit parameter). First, for a high-
temperature point, the experimental values of ' T, and

c, Y

Ti were fitted to define I (0) and the AF-enhancement
c

coefficient y(Q~„)I (0)/y(0)I (Q~„). Then, for a low-
temperature point, T& is fitted to define AF-
enhancement coefficient at this temperature, from the fit
we read '

T& and compare it with the experimental
value —a mismatch not greater than 10%%uo might be con-
sidered tolerable for the given temperature variation of
input (experimental) data. As already mentioned above,
the fit is found to be strongly dependent on Cu coupling
constants. To show the corresponding variations of fit
parameters, two different sets of coupling constants
(given in Table I) were used for each type of fit. The
values are taken to be as reported in Ref. 12 (in agree-
ment with Ref. 9), and we did not optimize the values
within the generous experimental error to improve the fit.
As an important result of the fit, in Table II we also in-
cluded the (Ti /T, )

' parameter measuring the AFF
AF

contribution to the relaxation.
Fit prediction of low temperature (' T, T) ' is al-

1

ways found to be somewhat too high, indicating that the
filtering of AFF is not sufficient, as already predicted
from the discussion of ' R values given above. Note
that I (q=0) is assumed to be temperature independent,
and the enhancement of AFF with respect to the q=0
susceptibility wi11 always produce an overestimate in the
fit over the (' T, T) 'c6IC behavior, the question is only
whether this effect is negligible or not. The overestimate
depends on the shape and the q width of the AFF (e.g. , in

TABLE II. Fit of the 'Cu(2) and ' O(2, 3) NSLRR in YBa2Cu306+, using the (I) "four Gaussians" (14c) and (II) Gaussian (14b)
shape of the AF enhancement of y" (the shape parameters g/a and 5 were deduced from the neutron scattering data). The T, data
correspond to Ho~~c axis; only for "0 in 60-K sample this value is replaced by nearly the same Y-axis value. Different 'Cu coupling
constants used in the fit are given in Table I. Fit parameters and details of the fit procedure are explained in the text.

60-K sample

(Ia) (Ib) (IIa) (IIb) T(K)

90-K sample

(Ia) (Ib) (IIa) (IIb) T(K)

Expt.

Fit

Expt. {
Fit

Expt.

Xs (10-4 emu)

( T,T)' (s'K')
(»T,T)' (s'K-')

1(q = 0) (eV)
(g )r(o)/x(o)r(g, )

(63T /63 f )-1
lg I//

Xs (10~ emu)
(' T,T)' (s-'K-')

x(g,)r(o)/x(o)r(g )
('7T T) ' (s'K')

0.62
6.2

0.277

0.30 0.32 0.32
160 267 54
2.7 3.4 2.7

0.45
7.4

281 457 94

0.20

0,36
94
3.4

160

250

150

0.96
7.0

79 23 44

0.43

8.6

0.90
4.0

0.355

0.50 0.35 0.81 0.39
44 11 26 4 2
4.4 3.4 4.6 3.4

~ 300

100

Fit
results

(' Tlf1/ Tle~.)
(63T /63 f )-1

(17T /17T )-1

("T1~/"T1)'
( T1AF/ T1fit)

1.10 1.15 1.13

0.85 0.89 0.85
0.12 0.18 0.17

0.90 0.93 0.91
0.19 0.28 0.26

1.20

0.90
250

0.94
0 3s ) 150

1.17 1.02 1.30 1.08

0.78 0.57 0.86 0.61
0.40 0.14 0.63 0.22

0.87 0.74 0.92 0.76
0.55 0.26 0 75 0.36



13 860 M. HORVATIC et al.

our fit of 60-K data the overestimate is reduced by a fac-
tor of 2 when the q width is decreased by 30%%uo) and on
the values of the coupling constants (e.g., compare the
corresponding columns a and b in Table II). For the q
width given by the INS data, we can see that, depending
on the values of the Cu coupling constants, this overes-
timate can be reduced below 10%, i.e., to the tolerable
level. In the 60-K data the efficient filtering is actuaHy
very demanding because (' T, T) ' strongly decreases

with decreasing temperature, while the AF contribution
to it [measured by ( T, T) '] is increasing somewhat.
This causes the relative AF contribution (T, /T, ) to

AF

increase strongly and to show up in the fit at low temper-
ature. We did not fit the 60-K data below 150 K, where
the pseudogap starts to open, since the simple extrapo-
lation of INS data to "zero-frequency" NMR values is no
longer possible in this case.

Note that, experimentally, perfect filtering holds down
to T, (Fig. 12), which can happen, for example, in the fol-
lowing scenario. We suppose that the opening of the spin
gap, i.e., the loss in the spectral weight in the low-energy
part of y"(q, co), does not take place uniformly in q space.
The temperature dependence of the O(2, 3) NSLRR can
be interpreted as the signature of the opening of the gap
for the excitations around q =0, which has already start-
ed at room temperature. On the other hand, the opening
of the pseudogap concerning the AFF around Q~„starts
to be effective only below T*= 150 K; above T*, there is
no sign of redistribution of the spectral weight in y"(q, co)

from the neutron data obtained for samples with T, -=60
K. It is thus reasonable to think that for the intermediate
values of q, the opening of the gap takes place at an inter-
mediate temperature, which is greater than T'. Due to
oxygen form factor (7c), the contribution of the AFF to
the NSLRR of O(2, 3) site is mainly due to this intermedi-
ate q range. As soon as the pseudogap starts to open (at
frequencies close to zero) at these values of q, the corre-
sponding AFF contribution to the oxygen spin-lattice re-
laxation will be immediately suppressed, while nothing
has been observed yet by neutrons (i.e., at higher ener-
gies). Such a picture strongly differs from the one given
by Monien and co-workers, ' where the whole dynam-
ic spin susceptibility is factored by the static susceptibili-
ty g'(q=O) and the temperature dependence of y'(q=O)
determines opening of a spin gap uniformly in q space.
Our different point of view is supported by recent neu-
tron experiments in Zn-doped YBCO, showing that the
spin gap at Q~„can be completely suppressed without
any modification of the temperature dependence of the
spin susceptibility y'(q=0) as seen by yttrium NMR.

Finally, the experimentally perfect filtering might also
indicate the existence of some other mechanism different
from our model based on the Mila-Rice Hamiltonian.
This possibility is corroborated by the oxygen NSLRR
anisotropy data, which cannot be explained within this
model, which is discussed in Sec. V.

In the overdoped sample, the AF enhancement is much
wider in q space, and the fit gives at least 20% of increase
of (' T& T) ' as temperature is lowered from 300 to 100
K, as observed in our sample 1. In this case, it is

definitely not possible to obtain the efficient filtering
within our model, i.e., it is not possible to fit the oxygen
NSLRR with ' (T&T) ' and y(q=O), which are both
temperature independent. This reassures our assumption
that the oxygen relaxation measured in our sample 1 (Fig.
7) gives the true characteristic of the overdoped YBCO,
while previously reported (' T, T) '=const ' data cor-

e

respond to substoichiometric samples, as already men-
tioned in Sec. III. Conversely, if these data were true,
there have to be effects that are not taken into account in
our description. As already detailed in the discussion of
the 60-K phase data using Eq. (10), we did not consider
the possibility that the ill-filtered AFF contribution to ox-
ygen relaxation is exactly compensated by the tempera-
ture dependence of I . In contrast to the original MMP
model, ' we assume that I is temperature indepen-
dent, as suggested by the precise proportionality of
(' T, T) ' and MHS in the 60-K phase.

7

In the analysis of oxygen data in an overdoped sample,
it is very important to know whether, once we subtract
the temperature dependence due to AFF, the so-obtained
q=O contribution to (' T& T) ' is still proportional to

c, Y

the K ( T), as it is in the 60-K sample. Unfortunately, due
to the uncertainty in the corrections deduced from the fit,
for the given very weak temperature dependence of these
quantities, we cannot conclude on their relation. In
'

[T& (q=0)T] '~K(T), we cannot really distinguish

between +=1 and some other exponent. Of course, the
a =2 case is very interesting as it corresponds to the true
Korringa behavior, and it is consistent with theoretical
predictions ' ' that in the overdoped regime we should
encounter the Fermi-liquid behavior. Actually, any in-
crease of the a value would indicate the change of the re-
gime, as we should expect a=2 only under additional
special circumstances, as discussed in Ref. 40. However,
from the fit (Table II) we can only say that values o.) 1

are less probable than o. ~1 values. As already men-
tioned before, one way to improve our knowledge on this
point is to perform precise NSLRR measurements on yt-
trium and oxygen in the same sample. The difference in
the corresponding form factors (filtering is more efficient
at yttrium) should be clearly "visible" in the NSLRR, as
in overdoped samples the q width of the AFF is very
large.

V. ANISOTROPY OF NSLRR

In this section, we shall concentrate on the tempera-
ture dependence of the NSLRR for the O(2, 3) site. Table
III summarizes the oxygen NSLRR anisotropy of sam-
ples 1 and 2. While in the 90-K-phase data shown in Fig.
7 the anisotropy is found to be temperature independent,
this is definitely not true for the 60-K phase. However,
even for sample 2 we found that between 100 and 250 K
the anisotropy is approximately constant, as can be seen
in Figs. 12 and 13. The value declared in Table III corre-
sponds to this temperature interval.

In the interpretation of these data we first consider the
above-defined model, in which the only source of relaxa-
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TABLE III. Experimental and calculated [Eq. (17)j NSLRR
anisotropy of plane oxygen in the 90-K phase and 60-K phase of
YBCO single crystals.

Sample Ratio

&zx
~ YX

~rz

R. (expt. )

0.69+0.05
1.12+0.10
1.62+0. 15

R (calc.)

0.61
1.09
1.80

1.47+0. 15 1.89

tion of O(2, 3) is the fiuctuations of neighboring copper
spins and the interaction is given by the Mila-Rice Ham-
iltonian (2) with no other contributions. From Eqs. (6)
and (7c), under the assumption that the imaginary part of
the copper magnetic susceptibility g" is isotropic, we find
that the anisotropy of relaxation,

R =(T, /T, ) '=(C +CD)/(Cpp+C ), (17)

is completely determined by the static coupling constants
only. These have been rather precisely determined from
the MHS, and in Table III the experimental anisotropy is
also compared to the prediction of Eq. (17), using the
coupling constants measured by Yoshinari et al. ' (the
ratio Czz/C» agrees with the value 1.7+0.02, which we
have precisely determined). While an acceptable agree-
ment is found in sample 1, for sample 2 the difference is
considerably greater than the experimental error.

We tried to account for the difference between the cal-
culated and the experimental values by some anisotropy
of copper spin susceptibility. If such an anisotropy is
present, the real coupling constants determined from
MHS are

reai C exp ggexp (18)

and Eq. (17) is replaced by

zz/CYY+rCxx/ YYRyz= and
1+rC» /Cz

Czz/C»+ rc»/+ YX 2 21+Czz /C»

(19a)

(19b)

where

g f(q)y,",(q, ~„)
~X.'b q

~x,', &f(q)x."b(q, ~. )

(2O)f(q) = 1+(cosq, a + cosqb b ) /2

is the only unknown factor which measures the suscepti-
bility anisotropy (without anisotropy r= 1). In order to
explain the experimental value of the NSLRR anisotropy
in sample 1, a relatively small correction of r =1.3 is
enough, which can be accepted as a minor correction to
the above discussed model. In YBa2Cu306 52 very strong
susceptibility anisotropy r )2 has to be invoked, which
would c1early demand complete revision of our fit to ac-

count consistently for the copper NSLRR data as well.
Even if it were possible to do that within our framework
of a one-component model, within this model it is a priori
not possible to have temperature dependent RYz [i.e.,
r = r( T)] and temperature independent R Yz (i.e. ,
r =const) at the same time, as seems to be required by the
experimental data. Note, however, that for the tempera-
ture independence of R~& there are no direct measure-
ments on the same sample; we only know that both TjX
and T& are proportional to the total susceptibility y(T).

We remark that, up to now, we have treated the copper
electronic spins as localized, and we have implicitly con-
sidered that the isotropic and axial components of
hyperfine fields (C;„and C„) due to the polarization of
the 2s and 2p oxygen orbitals were coherent. That is, in
our analysis we simply used total Cartesian components
of hyperfine coupling tensor. Note that Barriquand,
Odier, and Jerome have claimed that s and p contribu-
tions add incoherently because the average over the Fer-
mi surface of C;, (k)C,„(k) is equal to zero; they invoked
symmetry arguments similar to those used by Yafet and
Jaccarino to explain how the core-polarization relaxation
rate is incoherent with relaxation due to the s band in
transition metals. We do not believe this type of argu-
ment can apply here, since in the tetragonal symmetry of
the problem, all the admixture of 2p and 2s wave func-
tions with the d 2 2 should belong to the same represen-x —

y
tation I 3. Moreover, one should keep in mind that the
polarization of the 2p and 2s orbitals involves not only
the lowest Hubbard band, but also the empty upper one.

To explain the temperature dependence of Rzz, Barri-
quand, Odier, and Jerome propose that a new mecha-
nism, the motion of Zhang and Rice singlets, brings a
contribution, which is growing with the temperature. In
spite of the interest of this approach, it is again hard to
imagine that both contributions will adjust at all temper-
atures to give (T& T) ' and (T& T) ' proportional to
X'(T)

We are thus led to think that the basic contributions to
(' T&T) ' are proportional to y (T) whatever the direc-
tion of the magnetic field X, Y, or Z, but an
extra contribution occurs when Ho is parallel to the
Cu—0—Cu bond (Z direction). To explain this addition-
al contribution, we investigate the relaxation associated
to an ordinary p-band metal, generalizing the result given
by Obata for cubic symmetry to the case of tetragonal
symmetry. From the general analysis given in the Ap-
pendix, we learn that for pure ~pz ) orbital there is only a
dipolar contribution to relaxation, and the Z direction re-
laxation is 2/5 of the relaxation in the perpendicular
direction. When ~px ) and ~pY ) orbitals are admixed, the
orbital relaxation comes in as well; however, the ratio of
Z-to-perpendicular-direction relaxation (Rz~) is never
greater than 1.2 (or even somewhat smaller, if the core-
polarization contribution is taken into account). To fit
the experimental data we would like to have a contribu-
tion that is dominant in the Z direction and negligible
(within the experimental error) perpendicular to it. The
anisotropy of this kind can be obtained if we suppose that
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there is no dipolar relaxation and consider the orbital re-
laxation only; for small admixtures of px ) and ~pr ) or-
bitals, Rz~ would then be close to 2, which is just enough
for the extra contribution to relaxation to be coherent
with the experiment. Note that pure orbital relaxation
corresponds to spinless holes, so that this analysis might
be evidence of the presence of the holons. However, due
to insufficient precision, the data are not conclusive.

In addition to the above-discussed contributions
covered by the theory of Obata and Narath, Lee and
Nagaosa discussed the relaxation due to the long-range
orbital currents in compounds with metallic two-
dimensional layers, which might be applicable to the
copper-oxide superconductors above T, . However, the
anisotropy of the corresponding contribution is given by
T&

' =T& ' =1.5TI ', i.e., there is no difference between
a b C

the two in-plane directions: parallel (Z) and perpendicu-
lar (Y) to Cu—0—Cu bond, while for the out-of-plane
direction (c =X) the relaxation is faster. Therefore, it is
obvious that this mechanism cannot be taken neither as
the principal source of the oxygen relaxation where
T&

' =—T&
' =—1.5T& ', nor as an additional component

C Y Z

satisfying T, ' &)T, ', T, ', like the "normal" orbital
C

contribution discussed in the previous paragraph.

VI. CONCLUSION

The comparison between the temperature dependence
of Cu(2) and O(2, 3) NSLRR in the whole metallic range
of YBazCu306+ has given the first evidence for the ex-
istence of AFF of copper spins, which are filtered at the
oxygen site. This has now been confirmed by inelastic
neutron scattering experiments, which in addition have
shown that for energies lower than 20 meV, the q width
of g"(q, co) is energy and temperature independent, while
the characteristic energy for the Auctuations is of the or-
der 20—30 meV. At this stage, high quality ' 0 NMR
data including the NSLRR anisotropy become of funda-
mental importance, as they enable us to perform quanti-
tative analysis of the NMR data taking into account the
neutron results. Putting these two together provides an
accurate way to distinguish between "true" and "false"
descriptions of the system. In this article we present
MHS and NSLRR data taken in ' 0-enriched YBCO sin-
gle crystals for two different characteristic oxygen con-
centrations corresponding to the underdoped 60-K phase
(YBa2Cu306 &2) and the overdoped 90-K phase
(YBa] 92S1p psC11307) . Since most of the interpretation is
based on the Mila-Rice spin Hamiltonian, we reexamine
in detail the validity of neglecting the possible existence
of a second (oxygen) degree of freedom in the system. As
far as the MHS analysis is concerned, one spin degree of
freedom is in fact enough to explain the data. In con-
trast, the temperature dependence of the O(2, 3) NSLRR
anisotropy cannot be explained within the framework of
the Mila-Rice Hamiltonian.

In previous work ' the analysis of NMR data leads
to the g values, which are directly compatible with the
INS results only in the special limiting case, which was
not discussed in detail. We explore in more detail the

possibility of providing a compatible description, the
main idea was to take the INS results [g inferred from Aq
and an estimate of I (Q~„)] as a starting point in the
analysis of NMR data in order to obtain a priori con-
sistent and complete information on q and temperature
dependence of y", i.e., of the AFF. The Aq, i.e., the
width in q space of the AF enhancement of y" measured
by neutrons, is thus considered to hold for energies as low
as the nuclear Larmor frequency. As regards the NMR,
this reduces the number of unknown (fit) parameters and
permits more decisive conclusions. It turns out that the
experimental values Aq are rather large, so that the con-
tribution of the AFF to the O(2, 3) NSLRR cannot be
easily filtered out by the oxygen form factor. In order to
fit the experimental data we are thus forced to use the q
dependence of the AFF that is the most localized around
QAF, i.e., that falls off as fast as possible. We conclude
that only a Gaussian (as in Ref. 23), or rather a sum of
four slightly incommensurate Gaussians (as a shape hav-
ing steeper sides), provide a reasonable fit. However,
even in these cases the experimental data seem to require
more efficient filtering than that provided by the fit. Al-
though the difference is not clearly significant if we take
into account the experimental error in the copper cou-
pling constants used in the fit, it suggests that the open-
ing of the spin gap, which is observed in the 60-K phase
is nonuniform in q space.

In the analysis we also discussed in detail the
(' T& T) '~K(T) law, which is valid within the

C, Y

present experimental precision in the 60-K phase. From
this we deduce an energy scale for the q=O fluctuations
that is significantly larger than that for the AFF (deter-
mined by the inelastic neutron scattering). As regards
the (' T, T) ' ~ E( T) law, we are unfortunately unable

to tell whether the same or some other law is valid in the
overdoped samples, since the q=O contribution to oxy-
gen relaxation is "polluted" by incompletely filtered
AFF. The solution of this question is very interesting
with respect to the phase diagram predicted in the frame-
work of the spin-charge separation. We also remark that
our overdoped (' T, T) ' data (Fig. 7) provide the first
experimental evidence of insufficient filtering of the AFF
and it is important to verify this behavior on other sam-
ples. All the other data we obtained on single crystals are
in accord with data (mostly in oriented powders) already
reported by other groups. ' ' '

Finally, in our analysis of the AFF we tried to use only
the c-axis NSLRR data, which correspond to the in-plane
fiuctuations only. (In the absence of '

T& data, in our
60-K phase single crystal we used '

T& values, which are
almost the same, owing to the symmetry with respect to
the Z axis parallel to the Cu—O—Cu bond. ) In this way
we avoided the problems of possible anisotropy of g". If
this existed, it would change only the discussion of' the
NSLRR anisotropy. Indeed, the anisotropy of ' Q
NSLRR (revealed by

'
T& data) shows that the Mila-

Rice Hamiltonian cannot account for the data in the 60-
K phase. We also tried to introduce-into the analysis the
correction which comes from the anisotropy of suscepti-
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bility: however, it turns out that any single-component
description is unlikely to account for the observed tem-
perature dependence of the anisotropy. The simplest way
out was to suppose that corrections are due to an addi-
tional degree of freedom associated with an oxygen band.
As an interesting consequence, we find that these correc-
tions in NSLRR can be explained in the metallic-band
picture, only if they originate from spinless particles
(which provide only orbital contribution to relaxation).
The available precision of experimental data does not al-
low a quantitative description, and further experiments
are needed in order to clear up this interesting hy-
pothesis.
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tion of the composition of the band. The variables are defined
in the text.

APPENDIX: NSLRR
OF AN ORTHORHOMBIC p-BAND METAL

IN THE TIGHT-BINDING APPROXIMATION

and perpendicular to the symmetry axis

Cx=x, Cz=Cr=(1 —x)/2,

Following closely the procedure of Obata - and
Narath, we calculate the dipole and the orbital contri-
bution to the NSLRR of a p-wave electronic band made
of jpx), ~pr), and ipz) orbitals with respective weights
Cx, Cr, and Cz (Cx+Cr+Cz= 1) corresponding to the
orthorhombic symmetry:

T, ' =(4~/fi)(hy„) ktt T[p (EF)] H„ba, (A 1)

where H„b=(AY, )(r ) is the orbital hyperfine field,
a =a ' +a ' is the geometrical factor to be calculated in
the tight-binding approximation, and p (EF) is the total
density of states per spin direction (summed over all the
three p bands). When the angular dependence of ip )
(tz =X, Y,Z) orbital is simply given by a/R and the mag-
netic Geld Ho is taken to be parallel to the Z axis, for the
geometrical factor we obtain

a ' =[4C +10(C +C )

+9Cz(Cx+ Cr )+ 18'

Cy�]/100
(A2)a" =Cz(Cx+Cr) .

This result can easily be reduced for the case of the axi-

ai""/aii' =(1+x )/(4x ), (A4)

which is close to 1/2 for small admixtures of orbitals per-
pendicular to the symmetry axis.

where x is the weight of the orbital, which is parallel to
the symmetry axis. We obtain

a ' =[19—20x+9x ]/200, a" =x(1—x),
ai'~ = I23+8x +9x ]/400, ai" =(1+x )(1—x )/4 .

Note the special cases of (i) a single p band:
x=1 'a" =0, a '~=1/25, a ' =1/10, aj/a„=5/2,
and (ii) the cubic symmetry: x =1/3:.aii=ai=13/45,
ai/aii =1. The x dependence of the geometrical factor a,
as well as the anisotropy of the NSLRR ai/aiI is shown
in Fig. 15. We note that for most of the x values the an-
isotropy of the orbital and dipole NSLRR is less than
20%. Particularly on the side of the single p orbital, a
very small admixture of perpendicular orbitals will quick-
ly suppress the initially well expressed anisotropy. If only
the orbital part of relaxation is taken into account, corre-
sponding to a particle with zero spin, the anisotropy of
relaxation is
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