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Single-spin fluid, spin gap, and d-wave pairing in YBa&Cu40s.
A NMR and NQR study
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We present results of 0 and ' Cu nuclear magnetic resonance (NMR) and nuclear quadrupo-
lar resonance (NQR) studies in the normal and superconducting state of the 82-K superconductor
YBazCu408. The various components of the Cu and 0 Knight-shift tensors show strong but similar
temperature dependences over the temperature range from 8.5 to 300 K in both the CuOz planes
and the chains, supporting the picture that there is only one spin component in the planes and
the chains, although with difFerent susceptibilities. The oxygen data obey the Korringa relation.
This may be interpreted as Fermi-liquid behavior of the electronic system far away from the anti-
ferromagnetic wave vector. The temperature dependence of both the planar Cu and 0 shift tensors
and the planar Cu spin-lattice relaxation rate suggest the opening of a pseudo-spin-gap well above
T, The .very different temperature dependence of 1/Ti at the planar 0 and Cu sites points to the
reduced role of the antiferromagnetic correlated spin fluctuations at the 0 site. The data favor
the conclusion that YBazCu408 is a d-wave superconductor. Evidence is provided by three data
sets: the chain Knight shifts, the ratio of the planar copper and oxygen relaxation rates, and the
individual low-temperature behavior of these rates.

I. INTRODUCTION

Over the last several years, nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NQR) have
played an important role in elucidating electronic prop-
erties of high-temperature superconductors (HTSC). i'

Among the present issues are two main questions. (i)
Does a so-called spin-gap exist in the antiferromagnetic
(AFM) spin fluctuation spectrum? (ii) Is the orbital xno-

tion of the Cooper pairs described by d waves rather than
8 waves? In this paper we will report Knight shift and
NMR/NQR spin-lattice relaxation data for YBa2Cu40s
which provide evidence for the existence of both a spin
gap and d-wave pairing. In addition, we will show that in
both the planes and the chains a single-spin Quid exists.

The orthorhombic unit cell of YBa2Cu40s can be con-
sidered as two YBaqCu307 unit cells joined chain to
chain with the second cell displaced b/2 along the b axis.
Thus, instead of the single Cu-0 chains of YBa2Cu307,
the YBa2Cu408 structure contains double Cu-0 chains
which form an edge-sharing, square-planar network. The
compound is distinguished by its high thermal stability
and precise stoichiometry.

There are two copper sites in the YBa2Cu408 struc-
ture: the chain-forming Cu(1) ions are at the center of
an oxygen rhombuslike square while the planar Cu(2)
ions are five coordinated by an apically elongated oxygen
rhombic pyramid. The 0(1) ious form the Cu(1)-0(1)
chains along the b axis, the 0(2) and 0(3) [0(2,3) for
short] ious are located in the Cu02 plane, and the api-
cal 0(4) bridges the chains and the planes. The Y ions
separate Cu02 planes along the c axis while the Ba ions
form the Ba-0(4) planes.

We present measurements of the Cu NMR shifts

for Cu(1) and Cu(2) over the temperature range from
8.5 to 300 K with a precision several times larger than
previously reported in the literature. In addition, 0(1)
Knight-shift data are presented. Spin-lattice relaxation
data were determined for the planar Cu and 0 sites.

The paper is organized as follows. The next sec-
tion contains the necessary theoretical NMR/NQR back-
ground. Experimental procedures, including the charac-
terization of the sample, are given in Sec. III. In Sec. IV
we present and analyze our data, followed by a discussion
in Sec. V and a summary in Sec. VI.

II. NMR/NQR THEORY

The Cu and 0 nuclear spins in YBa2Cu408 interact
with their electronic environment through electric and
magnetic hyperfine couplings. In the presence of an ap-
plied magnetic field Bo, the Hamiltonian of a nuclear spin
I having a quadrupole moment eq can be written as

+ = +Zeernan + +quadrupole + +hyperfine

where 'g~„d,„p i, arises &om the interaction of eQ with
the electric field gradient (EFG) tensor present at the
nuclear site.

In our NMR experiments, Ro is large and hence
Aq Q p i (( Rz „. As a result, for each isotope
and each site, the NMR signal is split into a central line
arising &om the central transition, (+2, —2), and into
satellite lines. The ' Cu nuclei (I = 3/2) produce two
satellites arising &om the (6 2, 6 2) transitions, while the

0 signal (I = 5/2) contains, in addition, two outer
satellites due to the (+2, +2) transitions. Finally, the
Qhyp fi term causes a magnetic shift of each line.
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The Hamiltonian 'Ri,„~,~ „expressing the magnetic
coupling between the nuclear spins and their electronic
environment, can be viewed as the interaction of a nu-

clear spin with a time dependent local magnetic hyper-
fine field Hl, generated by the electron spin and the elec-
tron orbital motion. The static part of HL, gives rise to
the magnetic NMR line shift expressed by the magnetic
shift tensor K, whose components (in a reference frame
a = x, y, z), can be decomposed into a spin, an orbital,
and a diamagnetic part:

Here, ~0 is the nuclear resonance frequency, a denotes
the direction of quantization, i.e., the direction of V„ in

NQR and of Bo in NMR experiments, and a' is the di-

rection perpendicular to a. Aj is the on-site (r~ = 0)
and the transferred (r~ g 0) hyperfine coupling tensor
for the nuclei under consideration. Thus, the "relaxation
rate per temperature unit" provides information about
the q averaged imaginary part of y(q, uo).

K (T) =K'~' (T)+K' +K (2) III. EXPERIMENTAL

In HTSC compounds, K ' js predominantly tempera-
ture independent, whereas the temperature dependent
K'pin is expected to vanish in the superconducting state
due to singlet spin pairing. K~' is small and can be
neglected as we will see later.

Each part of the K tensor can be expressed by the re-
spective hyperfine interaction tensor and the static elec-
tronic susceptibility (i.e., at zero wave vector and zero
frequency) as

Ksplnaa

Korbaa

1 ) (&j) (~j)
gp, gy

1 orbx
Pa

(3)

(4)

For the analysis of the O(2,3) data, we introduce the
following notations. K, denotes the tensor component
perpendicular to the Cu02 planes (Bs ~~ c), while the in-

plane components of the shift are given by K~~ and Kg,
where Bs is parallel and perpendicular to the CuO-bond
axis, respectively. K'&'" at the oxygen sites is due to the
spin density on the 2p and 2s states. The hyperfine field
from the 2y states is predominantly the anisotropic spin
dipolar field, whereas from the 2s states it is the isotropic
contact field. By defining the axial spin part of K, K'pi",

Ks ln —Kspln
Kspin II

3
we get a shift contribution which couples exclusively to
the 2p states. The equivalent definition for the isotropic
spin part of K is

Kspln + Kspln + Ksplll
Kspin J C

lSO 3 (6)

q,a'ga

&(q)aa = ) &j,aa exp(aq r, ) .

(7)

The fluctuating part of HL, is the source of the nu-
clear spin-lattice relaxation. In HTSC compounds, the
main contribution to the copper and oxygen spin-lattice
relaxation stems &om the electron spin fluctuations. Af-
ter Moriya, this contribution is related to the imaginary
part of the dynamical spin susceptibility y(q, ufo), and the
"relaxation rate per temperature unit" (Ti2') is given
by

The YBaz Cu40s sample, investigated in this work, was

prepared by the solid state reaction technique, which is
described in detail elsewhere.

Only i 0, which possesses a nuclear spin, is suitable
for oxygen NMR experiments. Since the O abundance
is only 0.037%, it is necessary to prepare i70 enriched
samples.

The ceramic pellets of YBa2Cu40s were synthesized
from a mixture of prereacted YBa2CusOq and CuO un-
der an 02 pressure of 400 bar. After a reaction time of 20
h at a temperature of 1040'C, the YBa2Cu40s material
was cooled down to room temperature at a cooling rate of
2'C/min. The sample was then charged into an AlqOs
crucible and consequently placed in a quartz-pyrex re-
action chamber, to which the 0 container was sealed.
After evacuation of the whole setup to a pressure of 10
mbar, the break seal was fractured and irO gas was al-
lowed to enter the reaction chamber, where a pressure of
nearly 1 bar was reached. The 0 annealing took place
at a temperature of 810 C for 500 h.

X-ray diffraction measurements found the existence of
small amounts of CuO and high-pressure Ba-cuprate as
impurity phases. dc magnetization experiments at 14 Oe
showed a clear decrease of the susceptibility at 81 K and
a Meissner fraction of 36%.

In order to study the anisotropic properties of the
YBa2Cu40s compound, the Cu and 0 NMR experiments
were carried out on a c-axis-oriented powder. The mag-
netic orienting of the powder, described in Ref. 5, pro-
duced a sample with a high degree of c-axis alignment
of the grains whereas c and b axes remained randomly
distributed.

The ss ssCu NQR and NMR experiments were per-
formed by using standard pulsed spectrometers. The
resonance signals were obtained by a phase-alternating
add-subtract spin-echo technique similar to that one used
in Ref. 6.

The NQR measurements were done in zero magnetic
field. The spectra were obtained by scanning the &e-
quency in discrete steps and integrating the echo signal.
The NMR experiments were performed in an external
magnetic field Bo of 9.03 T using Fourier transformation
of the spin echo.

The spin-lattice relaxation time Tz was measured by
NQR and NMR using the inversion-recovery pulse se-
quence. In aH our experiments we used very intense ra-
diofrequency pulses with optimal pulse lengths of 1.5 ps
or less.
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IV. RESULTS AND ANALYSIS

A. Cu(l) and Cu(2) linewidths

that as it may, I'(T) also fits the linewidths of the Cu(1)
and Cu(2) signals for the orientation Bo J c.

All determinations of the Cu linewidth and Knight
shift were done on the central signals. In order to do
so we fitted the asymmetrically broadened spectra by
a line shape function that involves the convolution of a
Gaussian and a Lorentzian. The nearly temperature in-
dependent Gaussian describes the angular distribution of
c-axis misalignment, responsible for an asymmetric sec-
ond order quadrupolar shift broadening of the resonance
lines towards lower frequencies. The temperature depen-
dent line broadening present at each orientation is taken
into account by the Lorentzian. The Gaussian distribu-
tion is adjusted for small temperature effects.

The Cu(l) NMR line at the orientation Bo
~~

c is very
narrow as shown in the inset of Fig. 1. The solid line
represents the model line shape. The Gaussian width is
about 4' re8ecting the good orientation of the powder.
For Bo J c, the Cu(1) spectrum represents a powder
pattern and hence the lines are much broader, in the
range of MHz. In analyzing these spectra, we filtered the
calculated powder pattern with the excitation spectrum
of the radio&equency pulse.

The Cu(2) NMR line at the orientation Bo J c is much
smaller than the corresponding Cu(1) line, namely, 26
kHz, because of the nearly axially symmetric EFG at the
Cu(2) site. Its asymmetry parameter il is 0.015.

The Lorentzian linewidth of all these lines increases
with decreasing temperature as already reported for the
Cu(1) and Cu(2) lines in YBa2CusOr. As shown in
Fig. 1, the temperature dependence of the Cu(1) line at
Bp

~~
c is well described by the Neel-like function I'(T) =

a/(b+ T) with a= 2.8 K MHz and b= 14.9 K. The reason
for this behavior is still unknown; there seems to be an
ordering of the spins with decreasing temperature. Be

160

B. Temperature dependence af Cu and 0 Knight
shifts

Due to demagnetizing currents, the magnetic field in-
side a type-II superconductor which is in the supercon-
ducting state is not equal to the applied magnetic field.
Therefore, accurate K(T) data can only be obtained if
the magnetic field inside the sample is known. Figure 2

shows that the magnetic shift tensor for the plane Cu(2)
site, K„ is constant within an error of 0.003%%up in the
temperature range 36 K to 300 K. This result implies
that, according to Eq. (2), the shift for this orientation
is entirely of orbital origin and, in addition, that the dia-
magnetic shift in the superconducting phase is smaller
than 0.003%%. Hence we do not have to correct the K
data because of a possible diH'erence between internal and
external magnetic field.

On the other hand, K g shows a significant tem-
perature dependence in the normal state similar to
YBa2Cu306 63 Both compounds exhibit remarkable
quantitative similarities as their K values difFer by only
10'%%uo in the temperature range we have studied. Accord-
ing to Eq. (5), K s must have the same temperature de-

pendence as K „.
The temperature dependence of the shift tensor for the

Cu(1) site is given in Fig. 3. In the normal conducting
state, all three components of K decrease linearly with
temperature over a range of 220 K. Below T„K,and Kg
decrease with decreasing temperature while K is almost
constant because the spin susceptibility is very small for
this orientation.

Walstedt et al. have reported a qualitatively similar
decrease of K, in the normal state of YBa2Cu307 pro-
vided the shift is extracted from the NMR signal's cen-

ter position, while an evaluation of the signal's center
of gravity yields diferent values. On the other hand, in
contrast to YBa2Cu408, in the superconducting phase
of YBa2Cu30~ all three components of the shift tensor
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FIG. 1. Inset, the Cu(1) central line is shown w'ith the
field oriented along the c axis for T = 300 K. The solid line
represents a fit to the data (see text). Main figure: linewidths
of the Cu(1) central line vs temperature (with Bo

~~ c), fitted
by a Neel-like temperature behavior discussed in the text.
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exhibit almost the same decrease. ~

For the oxygen shift data, we have extended our previ-
ous measurements~~ into the superconducting state. All
components of the chain oxygen O(1) shift (see Fig. 4)
exhibit about the same temperature dependence in the
normal phase. The assignment of the various 0 signals
to the oxygen sites and the identification of the EFG
tensor axes (at 100 K) were discussed in Ref. 11; the
procedure utilized the results of an EFG calculation.
However, for the chain O(1) site the assignment of the
EFG components and hence of the shiR components K
and Ks along the a and b directions is ambiguous since
the theoretical EFG values are the same, except for a
sign, while the experimental values dHfer by 7%. We
have now assigned the K and Kp shifts in such a way

that the qualitative temperature dependence of all three
O(1) shift components agrees with the respective Cu(1)
components.

C. Spin-lattice relaxation

We have measured the temperature dependence of the
spin-lattice relaxation time for both the planar Cu(2)
and the planar O(2,3) sites with the magnetic field
Bo

~~
c. The measurements were made on the high-

&equency quadrupole satellites to ensure that only sig-
nals of the O(2,3) and Cu(2) sites, respectively, were de-
tected.

Figure 5 shows the results for the quantities (TI T)
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FIG. 5. Temperature dependence of (Tj T) at Cu(2)
(solid circles) and O(2,3) (open circles) with Bo

~~
c. The

solid line is a 6t of the data to the spin-gap function Eq. (11);
see text.
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and (TxT) . Both the Cu and the 0 data display
a strong temperature dependence already above T, in
contrast to the temperature independent behavior found
in most metals. With falling temperature, (TxT)
is a monotonic decreasing function, whereas s3(TxT)
first increases down to about 130 K and then rapidly de-
creases. It is interesting to note that in the same temper-
ature regime s3(TxT) x exceeds x (TxT) x by as much as
a factor of 20. The relaxation mechanisms for both the
O(2,3) and Cu(2) nuclei are of magnetic origin.

V. DISCUSSION

were obtained in Bi2Sr2CaCu208. Strong evidence for
the single-spin Huid model has also been provided by Y
mrR. "

Turning now to the chain site Knight shifts, we first
note that all components of both the Cu(1) and O(1)
shift decrease below T, although this is less pronounced
for the K component. The second observation is that
all K components of Cu(1) are proportional to the re-
spective component of O(1) as shown in the inset of Fig.
3. This demonstrates that not only the planes but also
the chains form a single-spin Quid. However, the suscep-
tibilities of the two systems are diHerent.

In discussing our results we will focus on four aspects:
the spin-Quid model, the spin-gap effect, the d-wave pair-
ing symmetry, and the Korringa relation.

A. Single-spin fluid madel

The new measurements of the planar Cu and 0 Knight
shifts enlarge our previous data and improve our recent
measurements. 3 The major result of these studies is the
fact that the various shift components exhibit the same
temperature dependence over a large temperature range
extending from 8.5 K to about 300 K with a decline which
starts already well above T, (Fig. 6). These facts support
the "single-spin fiuid" model which states that the Cu 3d
holes and the doped holes (which mainly go into 0 2p
states) have one spin degree of freedom. Our YBa3Cu403
shift data are very sixnilar to those for YBa3Cu3OQ Q3,
which demonstrates once again the similarity of both
compounds in terms of hole doping: both compounds
are underdoped, which means their doping level is be-
low the value corresponding to a maximum T . On the
other hand, the slight increase, with falling temperature,
of the planar 0 shift in YBa2Cu307 is recognized as the
signature of slightly overdoped samples.

Similar 0 shift data for YBa2Cu408 have been re-
ported by Machi et al. xs and similar Cu Knight-shift data

B. Spin-gap eFect

We will now discuss how the temperature dependence
of the Knight shift and the spin-lattice relaxation pro-
vide evidence for the existence of a spin gap. We will

begin with a discussion of our data in terms of the Millis-
Monien-Pines (MMP) phenomenological modelxs which
provides a good starting point for describing spin-lattice
relaxation in the normal state. One of the essential as-
sumptions of the model is that the electron susceptibil-
ity, y(q, u), which enters into the Moriya formula Eq. (7),
consists of two additive parts, the first one describing the
quasiparticle (normal Fermi-liquid-like) contribution and
the second one the AF correlations.

Within the MMP model, we can qualitatively explain
the markedly different normal-state temperature depen-
dence of 3(TxT) x at the Cu(2) site and of (TxT) x at
the O(2,3) site in terms of the one-spin coxnponent model
with a aixxgle dynamic susceptibility y(q, ur) arising &om
one spin degree of freedom as proposed in Refs. 18—21.
The various nuclei scan different q regions of the same

y(q, u) at uo. The Cu nucleus saxnples the spin fiuc-

tuations of the entire q space, and (TxT) is greatly
enhanced by the AF-correlated spin Huctuations, which

are peaked at QAF = (—,—), as found from neutron scat-

tering experiments. 33 3 On the other hand, (TxT) is
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where A is a constant and us is the experimental gap
frequency. If one assumes that Eq. (8) is applicable to
NMR data where hu && k~T, one obtains

y" ((u 0) = BT 1 —tanh , (Al
(2T)

where we have introduced the spin gap b, = has/k~.
Some applications of Eq. (9) to Knight shift and relax-
ation rates are discussed in Ref. 30 and Ref. 2. Here,
we will first continue the discussion of the Knight shift
which probes the spin Buctuations at zero wave vector.

We have fitted the normal-state Cu(2) Knight-shift
data in YBa2Cu408 by a formula which contains the es-
sential tanh term of Eq. (9):

g (&0&
y(0, 0) = ys 1 —tanh

(2T) (10)

which is the temperature dependent factor of the shift
[see Eq. (3)]. We obtained Eo——(180 + 10) K which is in
good agreement with the neutron scattering result. If the
temperature variation of the Knight shift is really due to
the opening of a spin gap and Eq. (10) is appropriate for

determined by the fluctuations at q g Q~F, owing to the
fact that the AF-correlated spin fiuctuations are filtered
out at the geometrically symmetric 0 site.

ss(TqT) ~ at Cu(2) exhibits a maximum well above
T„namely, at T =130 K (see Fig. 5). This has also
been observed in oxygen-deficient YBa2Cu306+ ma-
terials [x = 0.5,~4 x = 0.6 (Ref. 13)], but not in
YBa2CusOq, where ss(TqT) ~ starts to decrease close
to T . Neutron scattering experiments in YBa2Cu306 5

at q Q~F indicate that the decrease of s(TqT)
above T, is due to the opening of a spin gap in the mag-
netic excitations. When spectral weight in the spin Quc-
tuations decreases as the temperature is lowered, then
the missing weight must reappear at a higher energy
in the form of a transition over a "spin pseudogap. "
The energy of the spin gap strongly depends on the
doping level of the material. The opening of the spin
gap above T„expressed by the maximum in ss(TqT)
above T„ is like a fingerprint for underdoped HTSC ma-
terials such as YBa2Cu40s, YBa2CusOs+. (z ( 0.94),
Y2Ba4Cu~Oq5, and La2 Sr Cu04.

The physical origin of the spin gap is still under debate.
Within the Hubbard2s and the t Jmodel, -the spin gap
is caused by the nesting property of the Fermi surface
whereas according to Ref. 28 it is a direct consequence
of the narrow conduction band. In the revised version of
the MMP model, the appearance of a spin gap follows
&om the temperature behavior of the energy of the spin
fluctuations around QAF.

Tranquada et al. found that their neutron scattering
data for YBa2Cu306 6 could be described, in the presence
of a spin gap, by a phenomenological expression for the
susceptibility of the form

(h(~ —(us) I (h((o + ups) l= A tanh + tanh
2kgT ) ( 2k~T )

(8)

analyzing the data, the results imply that a spin gap Ao
opens also at q = 0.

The discussion of the Knight shift in the supercon-
ducting state is intimately connected with the issue of
the pairing-state symmetry and hence will be postponed
to the next section.

In discussions of the spin-lattice relaxation rate in
terms of the spin-gap eKect it became customary '

to describe the relaxation rate by the ad ho@ formula

C. Spatial symmetry of pairing state

We will now address the question whether spin-lattice
relaxation and Knight shift provide evidence for a certain
spatial symmetry of the pairing state. There are several
ways to check this symmetry with the aid of NMR/NQR
data.

Evalaati. on of Knight-shift data

It is usually assumed that the susceptibility of the
superconducting state, y„ is related to the normal-state
susceptibility, y„, which is taken as temperature inde-
pendent, via

X.(T) = Yi(T)X (12)

where

Yj(T) = Ni(E)
i

—
~

dE
& &E)

is a function which depends on the angular momentum
I involved in the pairing. N(E) is the superconducting
density of states and f is the Fermi distribution func-
tion. It is Y~(T) which determines the variation of the
Knight shift with temperature. For I = 0, Yo(T) is called
the Yosida function; it describes the conventional BCS
weak-coupling spin-singlet 8-wave pairing mechanism.

, &~~F&
1 —tanh

TgT (T) ( 2T )
Here, As is a constant. b,~F denotes the spin-gap energy
at the Q~F = (—,—) since the Cu relaxation is domi-

nated by the strong AF fiuctuations around Q~F. In-
stead of the constant prefactor yo of Eq. (10), the factor
T is introduced, which guarantees a reasonable de-
scription for the high-temperature behavior and may be
attributed to the gradual decay of AF correlations at
higher temperatures.

Figure 5 shows the fit of Eq. (11) to the Cu(2) relax-
ation rates in YBa2Cu408 yielding the parameters ApF ——

(280 + 20) K and n= 1.4. It is remarkable that the re-
sult agrees (within the error limits) with the parameters
obtained from fitting Eq. (11) to the relaxation rates of
both planar sites, Cu(2) and Cu(3), in Y2Ba4CurOqs.
This demonstrates the very similar spin dynamics in
YBa2Cu408 and Y2Ba4Cuy0~5 and that the doping lev-
els of the blocks in Y2Ba4CuyOqs are close to optimal
doping.
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In fitting our Cu(2) shift data for the superconduct-
ing state (see Fig. 7), we made the additional assump-
tion that the spin-gap function Eq. (10) is also appli-
cable to the superconducting state if yo is replaced by
Yj(T)yo. Unfortunately, the calculations of Yi(T) for
l g 0 are more involved and no results are available for
YBa2Cu40s. Thus, using Y&&(T) we restricted our fit to
8-wave pairing only.

For comparison, the inset of Fig. 7 shows the corre-
sponding Cu(2) data for YBa2CusOr (Ref. 33) fitted by
Eq. (13) for I = 0 (s wave) and I = 2 (d wave). Note, that
for YBa2Cu30~ there is no need to apply the spin-gap
function because the normal-state shift in the overdoped
YBa2Cu307 compound is nearly constant or even slightly
increasing with falling temperature. The precision of the
experimental data is not sufBcient to allow an unambigu-
ous decision whether s- or d-wave pairing is present. The
same statement applies to our YBa2Cu408 data as long
as a calculation of E'2(T) is inissing.

For the K, shift data of the chain Cu(1) site the situa-
tion is more promising. Figure 8 shows a fit of the Yosida
function to our data in YBa2Cu4Os, the corresponding
data for YBa2Cus07 (Ref. 34) are given in the inset.
For both compounds, the s-wave fit is not satisfactory
and the YBa2Cu30~ data can be 6tted perfectly with
the d-wave expression. It remains to be seen whether the
same conclusion applies to YBa2Cu408.

Finally, we wish to stress the issue whether the de-
crease of the chain Knight shifts in both compounds is
merely due to a proximity effect or whether it refIects
some participation of the chains in superconductivity.

2. Eealaatiora of mlaaation data

Spin-lattice relaxation data offer several ways to check
the symmetry of the pairing state. One possibility is to
measure the anisotropy r = Ti/ sTi of the Cu re-
laxation rate in the superconducting state where c and
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FIG. 7. Temperature dependence of the Cu(2) Knight shift
in YBaqCu408 with Bo J c. The dashed line is the spin-gap
function Eq. (10) multiplied (below T,) by the Yosids function
as calculated for BCS, weak-coupling, spin-singlet, I. = 0 pair-
ing. Inset: normalized Cu(2) Knight shift in YBs2Cus Or with
Bo J c. Theoretical curves are from the Monien and Pines
evaluation of Eq. (13) for BCS spin-singlet s-wave (dashed
line) snd d-wave (solid line) pairing (from Ref. 33).

ab specify the orientation of the applied magnetic field
Bo. Detailed theoretical analyses of the relaxation
data for YBa2CusOr (Refs. 39 and 40) revealed that the
temperature variation of r is not compatible with s-wave

pairing and favors d-wave symmetry. Our YBa2Cu408
data are in qualitative agreement with the YBa2Cu307
data and thus also favor d-wave symmetry.

However, these theoretical approaches were not capa-
ble of explaining the 0 relaxation rate and, hence,
the relaxation rate ratio irTi/ssTi, which is a mea-
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sure for the enhancement of the Cu relaxation rate
by AF-correlated spin fiuctuations as mentioned above.
The theory pred. icted either a nearly temperature in-
dependent value or an increase of the ratio at lower
temperature. However, these calculations had assumed
a closed Fermi surface for YBa2Cu307 while photoemis-
sion experiments had revealed an open Fermi surface.
Thelen et a/. 4 extended their calculations by including
next-nearest-neighbor hopping of the quasiparticles and
assuming an open Fermi surface. In this way they suc-
ceeded in fitting the YBa2Cu307 data of Martindale et
al. with a d~2 y2 wave rather than an 8-wave pairing
state.

Figure 9 plots the temperature dependence of the
Ti/ sTi ratio for YBa2Cu40s in the normal and su-

perconducting state with Bo
~~

c. ssTi was measured by
NQR and irTi by NMR at 9.03 T. The ratio increases
with falling temperature in the normal state, reaches a
maximum of 65 at T„and then decreases linearly down
to 22 K. This result is in good agreement with data by
Tomeno et al. ,

44 who measured down to 40 K and ob-
tained a maximum value of 53. However, our result dis-
agrees with measurements by Zheng et al.45 which dis-
play an upturn of the ratio below T,.

When comparing our result with the irTi/ssTi ratio
measured in YBa2Cu306 63 which is also underdoped,
we note agreement for the normal phase and a slightly
lower maximum value of 55 at T, (which is 62 K). How-

ever, the ratio is constant between 47 K (the lowest data
point) and T,.

Finally, comparison with the overdoped YBa2Cu307
structure shows that here the maximum value of
i"Ti/ssTi is only about 23 (Ref. 43) which indicates
weaker AF correlations because YBa2CusOr is "further
away" from the AF phase. Otherwise, the rate ratios
in the superconducting phase of both compounds exhibit
the essential decrease with falling temperature. However,
it should be kept in mind that our oxygen measurements
were performed in a high field of 9 T and therefore are
not free of magnetic-field effects. Martindale et aL4s have
detected a small field dependence of the oxygen rate in

YBa2Cu307, although it does not inBuence very much

the qualitative behaviour of the temperature dependence
of the ratio below T,

A final clue to the symmetry of the pairing state is pro-
vided by the individual behavior of the relaxation rates
in the superconducting state. We note that both the pla-
nar Cu and 0 rates show no coherence peak just below

T, nor does the rate diminish exponentially with de-

creasing temperature as observed in conventional s-wave
superconductors. Instead, the temperature dependence
of 1/Ti is rather power-law-like, i.e., 1/Ti oc T" with n
between 2.5 and 3 (see Fig. 10). This points to the exis-
tence of nodes in the superconducting gap as one expects,
for instance, for d-wave pairing superconductivity.

D. The Korringa relation for planar oxygen

A much debated question in NMR/NQR studies of
HTSC's is whether the planar oxygen relaxation time
and the Knight shift satisfy the Korringa relation, which
states that TiTK, ; = ic(It/4nk~)(7, /p„) where r = 1
for the &ee-electron model.

We have reanalyzed our previous oxygen magnetic shift
dataii and have plotted in Fig. 11 both (TTi) ~ and
(TTi) as a function of K,~;„. In this way it is possible,
without knowing the orbital shift, to find out whether the
Korringa relation is obeyed or whether instead the prod-
uct TiTK,~;„ is constant. Although both plots reveal

a linear relationship, it is only the (TiT) i~2 plot that
yields, when extrapolated to (TiT) ~2 = 0, orbital shifts
that agree, within experimental errors, with the extrapo-
lation of the measured shifts to zero temperature. These
orbital shifts are K,,'b = (—0.031 6 0.008)%, K~~'b

(—0.009+0.008)%, and K&' ——(—0.023+0.008)%. Using
the Korringa relation, we then obtained ~ = 1.34 which
is in good agreement with e = 1.4 for YBa2Cu307.

Our result is in contrast with studies of both
YBa2CusOs+ (Ref. 13) and YBa2Cu40s, ' which
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0.6

od'

0

0.6 supports the idea that the electronic systems behave like
a Fermi liquid far away &om the AF wave vector.

VI. SUMMARY
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FIG. 11. (TTi) i and (TTi) as a function of K,~;„ for
O(2,3) with Bp i~

c.

claim that TiTK is constant. Horvatic et al.4~

found deviations &om the TiTK=const behavior in
YBa2Cusos s2 for the field orientation Bo ii b but not
for Bo ii a.

The reason for these differences is unclear at the mo-
ment. Nevertheless, we wish to stress that the decision
whether 1/Ti is proportional to K or K2 depends sensi-
tively on the choice of K,b. Since the oxygen nuclei sense
the electronic system near q = 0, the Korringa behavior

We have presented Cu and 0 Knight-shift and spin-
lattice relaxation data for YBa2Cu408. They provide
further evidence for the existence of a single-spin Quid
in both the Cu02 planes and the chains, although with
difFerent susceptibilities.

The Cu relaxation and Knight-shift data for the Cu02
planes can be interpreted in terms of a spin gap that
opens well above T with diBerent gap values for wave
vector zero and (z/a, z/a).

The new data favor the conclusion that YBa2Cu408 is
a d-wave superconductor. Evidence is provided by three
data sets: the chain Knight-shift data, the ratio of the
planar copper and oxygen relaxation rates, and the indi-
vidual low-temperature behavior of these rates.

The data for planar oxygen obey the Korringa rela-
tion. This may be interpreted as Fermi-liquid behavior
of the electronic system far away &om the antiferromag-
netic wave vector.
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