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Recent N Q R and N M R experiments on L a 2 _ x S r ; c C u 0 4 , Y B a 2 C u 3 0 7 , T l 2 B a 2 C u 0 6 + ) , and other 
compounds are reviewed. The antiferromagnetic spin fluctuations decrease in the order of La, Y, T1 
compounds. In the normal state the T-dependence of ( T ^ T y 1 is considered to follow the Curie-
Weiss law at high temperature and the (Ti 7") = const law at low temperature. The T dependence of 
1/TX below Tc suggests strongly d-wave pairing. Correlations of the NQR frequency of 6 3 Cu and 1 7 0 
with the antiferromagnetic spin fluctuations and the superconducting transition temperature are 
discussed. 

§ 1. Introduction 

In spite of much effort, the mechanism of high Tc 

superconductivity is still not clear. Even the problem 
how to describe the normal state is controversial. 
NQR and NMR provide important information on 
the microscopical properties of the normal and super-
conducting states. In this paper a review is given 
on our recent NQR and NMR studies of high Tc 

cuprates, mainly L a 2 _ x S r x C u 0 4 , YBa 2 Cu 3 0 7 and 
T l 2 Ba 2 CuO e + y . 

§ 2. Experimental Results and Discussion 

Figure 1 shows the T-dependence of 1 /Tx of 6 3Cu in 
L a 2 _ x S r x C u 0 4 obtained by NQR [1]. The result for 
YBa 2 Cu 3 0 7 is also shown for comparison. 1/TX in the 
normal state decreases with x, indicating antiferro-
magnetic spin fluctuations (AFSF) that enhance 1/TX 

to decrease with x. (Tj T)~1 follows a Curie-Weiss law, 
c/(T + 0), at high temperatures, becoming constant 
near Tc [2]. Below Tc, 1 /Tx decreases rapidly with 
temperature and finally shows saturation. This satura-
tion occurs earlier for the lower x and is not to be 
attributed to impurities but presumably to the local-
ized nature of Cu d holes at low hole concentrations. 
Figure 2 shows the T-dependence of 1/Ti of 6 3Cu in 
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T l 2 B a 2 C u 0 6 + y , which is obtained in an external field 
of 11 T perpendicular to the c axis [3,4], As seen in the 
figure, 1/Tj follows a (TXT) = const law over a wide 
T range. At high temperature (Tt T)~1 follows a Curie-
Weiss law with large 9 of about 200 K. With increas-
ing hole concentration, associated with the increas-
ing oxygen, Tc decreases from 72 K to 0 K. The 
(T tT) = const law extends to the lower temperature 
region. When the external field is applied in parallel to 
the c axis, Tc drops remarkably (for example from 40 
to 10 K) [4], Then, as shown in Fig. 2, the (7\ T) = const 
law holds until 10 K. Thus it is concluded that in the 
Tl compound, 1/Ti follows the (TjT) = const law at 
low temperature when the superconductivity is de-
stroyed. 

As seen in Fig. 2, 1/Ti above Tc does not change 
appreciably with hole content, although Tc changes 
from 72 K to 0 K. This result seems to indicate that 
the spin fluctuations do not correlate with Tc. How-
ever, recent analysis shows that this is not the case [4]. 
As seen in Fig. 3, both the parallel and perpendicular 
components of the Knight shift associated with the 
spin susceptibility in Tl compounds, which are larger 
than in Y and La compounds, increase with hole con-
tent. Furthermore, the anisotropy of 1/T l9 Tt | | /T1X, 
which amounts to 3.8 and 2.8 in Y and La compounds, 
respectively, decreases to ~1.6 in the Tl compound 
with Tc = 72 K, becoming ~ 1 in the compound with 
T c~ 0. Now the hyperfine coupling at Cu is due to the 
on-site d-spin and the supertransferred part from the 
neigbouring Cu d-spins [5], the latter one being 
isotropic. Thus the above results in Fig. 3 are ex-
plained consistently by assuming an increase in the 
transferred part, which is positive and isotropic [4], 
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Fig. 1. Temperature dependence of l / 7 \ of 6 3 Cu in the C u 0 2 Fig. 2. Temperature dependence of \/Tx of 6 3 Cu in 
plane in L a 2 _ x S r ; c C u 0 4 and Y B a 2 C u 3 0 7 [1]. T l 2 B a 2 C u 0 6 + )I [3, 4], 

From the apparent invariant of (Tj T)~1 in spite of the 
increase of the hyperfine field with hole content, the 
AFSF may be concluded to decrease with hole con-
tent. The AFSF in the T1 system have been concluded 
to be reduced compared with the Y system and to 
decrease further with hole content [4], Furthermore, 
the analysis shows that the antiferromagnetic correla-
tion almost disappears and the Cu spins fluctuate in-
dependently in the T1 compound with Tc = 0 [4], Thus 
we conclude that the AFSF decrease in the order La-, 
Y-, Tl-system with increasing hole content. 

Figure 4 shows the dependence of \/Tx of several 
compounds on T/Tc [6], As seen in spite of different Tc 

values the points fall approximately on one curve be-
low Tc although the behavior above Tc depends on the 
material. These results suggest that the nature of the 
superconductivity is the same in these compounds. 
From the same T-dependence below Tc it is natural to 

expect that the T-dependence in the normal state be-
low about Tc is also the same for these compounds. As 
mentioned above (7^7) = const from about 150 K 
down to 10 K, as seen in Fig. 3 for the compound. 
Thus we may conclude that the ( ^ 7 ) = const law 
would hold not only in the T1 system but in all the 
compounds in Fig. 4 if the superconductivity were 
destroyed at low temperature below about Tc. A 
schematical behavior of 1/Ti in the normal state is 
suggested in Figure 5. ( ^ T ) - 1 follows a Curie-Weiss 
law at high temperature and becomes constant below 
a characteristic temperature T*. With increasing hole 
concentration T* shifts to higher temperature. There 
are some cases where (T^T)'1 decreases even above 
Tc. Although we cannot give an explanation for this 
behavior we believe that the essential behavior in high 
Tc cuprates is that as shown in Figure 5. To know the 
7-dependence of in the normal state is very impor-
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Fig. 3. (a) Anisotropy of \/Tl, JTX L, and (b) Ks y and Ksl 
due to spin susceptibility (b) of C u 0 2 plane are plotted 
against hole concentration [4]. 

tant in discussions of the T-dependence of supercon-
ductivity. 

As for the sharp drop of 1 /Tx below Tc, in contrast 
to the BCS superconductor, there are several efforts to 
explain it in the BCS s-wave model. The depairing 
effect by AFSF [8] or the strong scattering by phonons 
[9] are proposed. However the AFSF depend strongly 
on the material, as previously mentioned. So the be-
havior below Tc should be different if the spin fluctua-
tions induce a gapless state. Similarly, the phonon 
scattering mechanism will also be different for differ-
ent compounds because this mechanism will be the 
more effective the higher the temperature. The sharp 
drop of 1 /Tx below Tc is commonly seen not only in 
Cu relaxation but also in O, Tl, and Pb relaxation. 

The quite universal behavior in these cuprates sug-
gests a gapless state which is intrinsic and common, 
that is, a d-wave pairing is promising, although in the 
measurements of other physical quantities, such as 
Knight shift [10] and penetration depth X [11], the 
s-wave pairing seems to be favorable. If we assume 
tentatively the gap zero on line as A (0) = A 0 cos 6, 
2 An~ 10.5 ^B ̂ c' tben the calculated 1 /7\ (dashed line) 
shows no BCS type peak just below Tc and decreases 
in proportion to T3 , reproducing well the experimen-
tal values except at low temperature, as seen in Fig-

0-01-

0-001-

T / To 
Fig. 4. l /7 \ of 6 3 Cu in the C u 0 2 plane is plotted against 
T/Te for La 2 _ x Sr J C Cu0 4 , Y B a 2 C u 3 0 7 , BiPbSrCaCuO, 
Pb 2 Sr 2 CaCuO (/ / = 0), and T l 2 B a 2 C u 0 6 + „ ( # = 11 T) [6], 

Ti 

Fig. 5. Typical temperature dependence of 1/Ti of Cu in the 
C u 0 2 plane in high Tc cuprate. 

ure 4. Here it should be noted that we assume the 
( ^ 7 ) = const relation in the normal state. 

Recently Ishida et al. [12] investigated the Zn impu-
rity effect both on Tt and the Knight shift in YBCOv 

and observed a gapless effect at low temperature, al-
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though the effect is very small near Tc. The behavior 
of ( ^ 7 ) = const and the increase of the residual 
Knight shift at low temperature become remarkable 
with Zn content, which is consistent with the d-wave 
model with an additional gapless state induced by 
impurities [12]. In this case, there appears a finite 
density at low lying excitation energy in addition to a 
density of states depending linearly on the energy as-
sociated with a gap zero on line. Then the Knight shift 
remains even at T = OK. The approach to T = 0 is no 
more linear with T even in d-wave pairing but seems 
BCS like if the residual part is subtracted from the raw 
data. Thus it is considered that in all the high Tc 

materials the states are more or less gapless due to 
impurities, dislocations and so on in the d-wave pair-
ing. The T-dependence observed in the Knight shift 
[10] and A [11], which seem to be BCS like, can also be 
explained by the d-wave model with an impurity in-
duced gapless state. From the low temperature be-
havior it is difficult to distinguish s- or d-pairing. The 
deviation of 1/Tj from T3-dependence at the lowest 
temperature is attributed to the impurity induced gap-
less state. The saturation observed in the La system 
will be attributed to the gaplessness and the localized 
character of Cu d-holes. The Knight shift has a resid-
ual spin part in La.x 8 5Sr0 1 5 C u 0 4 [15]. 

The NQR frequency vQ proportional to the electric 
field gradient q also provides important information. 
q is in general a sum of qim and qext where qiM is due 
to the non-spherical distribution of on-site electrons 
and qext is due to the charges in the outside. Many 
authors analysed q on the assumption that qinl is com-
ing from the 3d9 state and explained the observed 
values by multiplying qexi by the so called Sternheimer 
factor [13] 

Hanzawa et al. [14] analysed and explained consis-
tently Vq of 6 3Cu and 1 7 0 in YBCO? excluding y. So 
in their analysis the main part of q is qint. According 
to their analysis, the ratio of the hole numbers of Cu 
and O in the C u 0 2 plane is about 0.5. 

In Fig. 6, we plot the NQR frequency vQ of 6 3Cu 
and 1 7 0 in the C u 0 2 plane in La [15], Y, and Tl 
compounds. vQ of 6 3Cu decreases, while vz of 1 7 0 
increases in the order La, Y, Tl. We assume that the 
observed vQ's are approximately proportional to the 
Cu d-hole number n(Cu) and the O p-hole number 
n(O), respectively. Thus the number of holes at Cu in 
the C u 0 2 plane, «(Cu), decreases, while that at oxygen 

Fig. 6. Tc, Vq(CU), and vZ(0) are plotted for La, Y, and Tl 
compounds. The pressure effects on Tc and vQ are shown by 
arrows. 

in the C u 0 2 plane, n(O), increases from La to Y. n(O) 
in the Tl system is expected to increase further. Now 
it is considered that the increase in n(Cu) increases the 
AFSF, while the increase in n(O) reduces them. If the 
AFSF play an essential role for the occurrence of 
superconductivity, Tc should increase with AFSF. On 
the other hand, the increase of n(O) decreases the 
AFSF while it increases the carrier density and/or the 
mobility of holes. The decrease of the AFSF is un-
favourable for the superconductivity, while the in-
crease in carrier density and/or the mobility is in favor 
of it. In fact, the localized behavior of the Cu d-hole 
observed in Tx in La2_JCSrJCCu04 with decreasing Sr 
seems to correlate with the decrease of Tc. Thus values 
for n(Cu) and n(O) are expected to exist which give a 
maximum value of Tc. 

High pressure measurements by Zheng et al. sug-
gest that parameters which are important for Tc may 
be n(Cu)/n(0) and n(Cu) + n(0), and that there exists 
an optimum value of «(Cu)/n(0) [16]. When high 
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p re s su re is app l i ed , vQ of C u decreases [16] while Tc 

increases [17] in L a x 8 5 S r 0 1 5 C u 0 4 , as seen in Fig-
u re 6. n ( C u ) / n ( 0 ) is c o n s i d e r e d t o be r educed to ap -
p r o a c h the o p t i m u m va lue u n d e r pressure , whe re the 
d e c r e m e n t of n ( C u ) is a s s u m e d to be e q u a l t o the 
i n c r e m e n t of n ( O ) w h e n the t o t a l n u m b e r s of holes a re 
conse rved . In Y B a 2 C u 3 0 7 , t h e p res su re d e p e n d e n c e 
of Tc is smal l [18], i nd i ca t i ng t h a t n ( C u ) / n ( 0 ) is close 
t o the o p t i m u m value . Z h e n g et al. obse rved an in-
crease in vQ of C u in Y 1 B a 2 C u 4 0 8 [13], wh ich is con-
sis tent wi th the resul ts of Z i m m e r m a n et al. [19]. Th is 
m e a n s t h a t n ( C u ) increases . I n th is case d T c / d p is very 
la rge [17]. T h e s h a r p inc rease of Tc wi th p res su re is 
a t t r i b u t e d t o t he a p p r o a c h of n ( C u ) / n ( 0 ) t o the opt i -

m u m value, wh ich is c aused by t he t r ans fe r of ho les 
f r o m C u O cha ins i n to b o t h C u a n d O in the C u 0 2 

p lane [20]. 
T h e b a n d ca l cu l a t i on s h o w s t h a t the c o n t r i b u t i o n 

to Vq(CU) f r o m 4 p e l ec t rons is as i m p o r t a n t as t h a t 
f r o m 3 d e lec t rons [21]. So the d i scuss ion m a y n o t be 
so s imple. H o w e v e r , s ince the r e l a t i on b e t w e e n t he 
ho le dens i ty a n d the A F S F a n d / o r Tc a re very i m p o r -
tan t , it is necessary t o m a k e a m o r e sys t emat i c s t u d y 
o n vQ . 

T h i s w o r k was p a r t l y s u p p o r t e d by a G r a n t - i n - A i d 
for Scientific Resea rch o n P r i o r i t y A r e a s " M e c h a n i s m 
of S u p e r c o n d u c t i v i t y " f r o m the M i n i s t r y of E d u c a -
t ion, Science a n d C u l t u r e . 
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