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The nuclear quadrupole resonance of 1 3 9 La and 6 3 / 6 5 Cu in La 2 _ J C M x Cu0 4 (M = Ba, Sr) is inves-
tigated for x up to unity. The shift of the resonance frequency of 1 3 9 La-NQR for 0.01 < x <0.05 
indicates an anomalous change of the quadrupole interactions at T*, where the frustrated magnetic 
phase appears. The Cu-NQR reveals clear changes of T{~1 and T2~1 and also of the profile of the 
Cu-NQR spectra with increasing x beyond x = 0.3~0.4, suggesting a suppression of antiferromag-
netic fluctuations by hole-doping, and also a change of the electronic state of the La-system around 
x = 0.3 ~0.4. 
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1. Introduction 

After the discovery of copper based oxide supercon-
ductors [1], many families differing in structure and 
constituent elements have been found. Strikingly they 
all share C u - O planes as two dimensional substruc-
tures and commonly antiferromagnetism near the su-
perconducting phase [2]. It is therefore very important 
to understand the strong antiferromagnetic spin fluc-
tuations of the (Cu0 2 ) sheets. Among various kinds of 
fundamental measurements, NMR techniques play a 
central role to elucidate the local electronic and mag-
netic properties of high Tc-oxides [3]. 

Though La 2 _ x M ; c Cu0 4 (M = Sr 2 + , Ba2 + and 
Ca 2 + ) has a simple structure, this system involves rich 
physical properties such as magnetic, structural and 
metal-insulator transitions as a fuction of hole-doping 
[4]. In order to clarify the effect of doped holes on the 
characteristic spin and charge fluctuations under the 
strong electron correlations in the (Cu0 2 ) sheets, in-
tensive investigations of Cu- and La-NQR have al-
ready been performed [5-11]. In this paper we report 
on details of the temperature and x-dependences of 
the 6 3 / 6 5Cu-NQR of La 2 _ x Sr x Cu0 4 up to x = l. Ex-
tended results of the 1 3 9La-NQR in a small region of 
Ba-doping are also briefly reported. 
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2. Experimental 

All samples were prepared by solid state reaction 
from mixed powders of L a 2 0 3 , BaC0 3 , S rC0 3 , and 
CuO with 99.99% purity. For details of the prepara-
tion see [6]. The reacted pellets were crushed into 
350-mesh powder for the NMR measurements. In 
agreement with the previous result that the 
K2NiF4 type compound La2_ ; cSrxCu04 can be syn-
thesized with x up to 1.34 [12], we confirmed by x-ray 
diffraction measurements that the present samples are 
crystallized in a single phase. The lattice constant of 
the c-axis of the present samples increases with in-
creasing x up to x ~ 0 . 3 and then decreased rapidly for 
x>0 .4 [12, 13], The superconducting transition tem-
peratures were obtained by resistivity and magnetic 
susceptibility measurements [14], Bulk superconduc-
tivity was also confirmed in the range of 0.08 < x 
<0.25 by the heat capacity jump at Tc [15]. A conven-
tional phase coherent pulse NMR apparatus was used 
for observing the relaxation and NQR spectra of the 
1 3 9La and 6 3 / 6 5Cu nuclei. The nuclear spin-lattice re-
laxation time, Ti was measured by the saturating 
comb pulse method. 

3. Results and Discussion 

Undoped L a 2 C u 0 4 is an insulating antiferromag-
net of TN ~ 270 K. The system remains insulating for 
small hole-doping (Sr concentration) up to x = 0.05. 
On passing x = 0.05, superconductivity appears in the 
range 0.05<X<0.25 [16], where the normal state re-
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Fig. 1. X-dependence of the electrical resistivity of 
La 2 _ x Sr x Cu0 4 at 300 K. 
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Fig. 2. Temperature dependence of the resonance frequency 
of 1 3 9La of the ±3/2<-»±5/2 transition in La 2 _ x Ba ; c Cu0 4 . 

sistivity above Tc increases linearly with temperature, 
showing that the system is metallic. The resistivity at 
300 K, shown in Fig. 1, has a minimum near x = 
0.3 ~ 0.4 and thereafter significantly with increasing x 
up to x = 1. The overall x-dependence of the resistivity 
is anti-correlated with the x-dependence of the lattice 
parameter [13]. 

As reported in the previous paper [6], the diver-
gence of Tx

_1 of the 1 3 9La-NQR indicates the exis-
tence of a peculiar frustrated magnetic phase between 

the 3D-antiferromagnetic (x <0.02) and the supercon-
ducting (x>0.06) phase at Tc*~ 10 K [6]. This transi-
tion is accompanied with magnetic ordering [7], The 
resonance frequency for the nuclear ±3/2<->±5/2 
transition of 139La is shown as a function of tempera-
ture in Figure 2. An anomalous shift of the resonance 
frequency of the 139La-NQR to lower frequencies is 
observed at the magnetic transition [6]. The difference 
of the resonance frequencies between above and below 
T* is largest near x = 0.02, where the enhancement of 
Ti - 1 is most pronounced [6]. Such anomalies are not 
observed at the 3D-dimensional antiferromagnetic 
transition temperatures for x<0.02. From a detailed 
investigation of the resonance frequencies corre-
sponding to the other +1/2 <-* ± 3/2 and + 5/2 + 7/2 
transitions we obtain the parameters of the electric 
quadrupole interactions and the internal magnetic 
field by a numerical solution of the Hamiltonian 

with H = HQ + H] 

Hq = 

qQ 
4 / ( 2 7 - 1 ) 

[3 /z—/ (/ +1) +>//2 (/+ + / ! ) ] , (1) 

Hh{= -yhH o [Iz cos 0 + 1/2 sin 0(1 + exp {-i<f>) 
+ /_ exp (i 0))], (2) 

where vq is the quadrupole frequency, rj the asymme-
try parameter of the electric field gradient (EFG), and 
9 and </> are the angles between the principal axes of 
the EFG and the internal magnetic field, H0. 

Figure 3 shows the x-dependences of vQ and r\ above 
and far below T* in La2_xBa, cCu04 . vQ decreases 
gradually with x and changes little at T*. The primary 
cause of the frequency shift with temperature is attrib-
uted to the change of r]. The values of r] in the peculiar 
magnetic phase are smaller than the ones in the para-
magnetic phase above T*. This fact implies that the 
magnetic order of Cu moments below T* is associated 
with an anomalous change of electric quadrupole in-
teractions. The main source of the EFG is considered 
to be intra-atomic in origin, i.e. an aspherical distribu-
tion of the valence electrons [17]. The change of the 
electronic state owing to the charge transfer may mod-
ify the electronic configuration at La sites in the pecu-
liar frustrated magnetic phase. A magnetic origin such 
as magnetostriction below T* can be considered. The 
possible origin of the anomalies will be discussed sep-
arately by means of the detailed analysis of 1 3 9La-
NQR [18]. 

Spin echo signal of 63/65Cu are observed above 
30 MHz in zero external field for x^0 .12 [9, 10]. The 
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Fig. 3. X-dependences of the resonance frequency, vQ, and the 
asymmetry parameter, rj, of the electric field gradient in the 
magnetic phase (closed symbols) and the paramagnetic phase 
(open symbols) of La2_JCBaxCu04. 
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Fig. 4. Spin echo spectra of 6 3 / 6 5Cu in La 2 _ x Sr x Cu0 4 at 
1.4 K. 

failure of the observation of the NQR signals for the 
interesting region x^O. l is caused by their very short-
ened spin-spin relaxation time. Figure 4 shows the 
zero field spectra of 6 3 / 6 5 Cu at 1.4 K for various x 
values. As reported previously [10,13], the Cu-spectra 
for x ^ 0.3 consist of three peaks, while the spectra for 
x ^ 0.4 show only two peaks corresponding to the two 
Cu isotopes. The line profiles are not modified by 
variations in the sample preparation. The spectra are 
confirmed by the studies [19, 20]. Magnetic or electri-
cal quadrupole one origins have been discussed. Re-
cently the complex spectra were attributed to the dis-
tribution of the electric quadrupole interactions due 
to the oxygen vacancies and/or the random distribu-
tion of Sr and La around the Cu ions [19, 20]. The 
effect of the charge differentiation on the E F G is pro-
posed to be similar to that in the Y system [20], 

The nuclear spin-lattice relaxation rate Tx
_ 1 was 

measured for the largest peak in each spectrum. The 
recovery curve of the nuclear magnetization after sat-
uration is almost single exponential around x = 0.4 
from 1.5 to 100 K. However, non-exponential behav-
ior appears for x ^ 0 . 3 and x ^ 0 . 5 . The non-exponen-
tial behavior in the superconducting samples becomes 
more significant with decreasing temperature. The 
profile of the recovery curve does not depend on the 
saturating condition. Therefore, the distribution in T, 
is not due to the spin diffusion process. As each com-
ponent of the magnetization recovery curve changes 
similarly with temperature, the temperature depen-
dence of Tj is considered to change similarly for each 
component. Thus we show, for simplicity, the temper-
ature dependence of the longest component of 1, 
which is extracted from the tail part of the recovery 
curves. 

As shown in Fig. 5, the temperature dependence of 
in the superconducting sample with xrgO.25 is 

very similar to that of Cu in the ( C u 0 2 ) plane of the 
Y-system [21], namely Tx

_ 1 shows a sharp decrease 
without the BCS enhancement just below Tc, and de-
creases power-low-like with decreasing temperature. 
Quite similar results in the La-system are confirmed 
by independent investigations [7, 19, 20]. This behav-
ior is very anomalous in comparison with the BCS 
type superconductors. 

With increasing temperature above Tc, Tx
_ 1 is 

much enhanced and reaches almost the order of m s " 1 

in the normal state for x = 0.2. For x ^ 0 . 3 , where the 
electrical resistivity shows metallic behavior, the tem-
perature dependence of T, 1 obeys the Korringa rela-
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Fig. 5. Temperature dependence of the nuclear spin-lattice 
relaxation rate, T t

_ 1 , of 6 3Cu in the superconducting 
Lax 8Sr0 2 C u 0 4 and in YBa 2 Cu 3 0 7 (from [21]). 

10' 

~ io' 

10 

| I 1 1 I I I M | 1 1 \.\ III'. 

X = 0.30 A a 
0.40 o / 
0.50 * X 

-10' 

10 

10 

10 

10 

0 
1 10 100 

T ( K ) 
Fig. 6. Temperature dependence of T{~1 of 63Cu in the nor-
mal metallic samples of La2_ ; cSr ; cCu04 . 

tion Ti T=const between 1.5 and 100 K, as shown in 
Figure 6. (For x Si 0.6, the deviation from the Korringa 
relation becomes substantial below 30 K. In this case, 
we deduce simply the TjT values from the narrow 
range of high temperatures.) This indicates that the 

100 -

0 0.2 OA 0.6 0.8 1.0 
X 

Fig. 7. X-dependence of (Tx T)~1 (o) and the spin-spin relax-
ation rate T f 1 (A) of 6 3Cu in La2_ J CSrxCu04 at 77 K. 
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Fig. 8. Nuclear magnetization recovery data as a function of 
pulse separation time in La 2_ xSr ; cCu0 4 of x = 0.5, 0.6, and 
0.8. 

electronic state is metallic and that the thermal excita-
tion of conduction electrons at the Fermi level is sizable 
at the Cu sites. Figure 7 shows the x-dependence of 
(TjT)" 1 in the normal state. (T tT) - 1 decreases dra-
matically with x up to x = 0.3 and attains the constant 
value ~2.0 (sK)"1 for x^0.4. To see the indepen-
dence of Tx of x for x^0.4, we show the recovery 
curves at 77 K for x = 0.5,0.6, and 0.8 in Figure 8. The 
data points scatter around the same curve within the 
entire range of time, showing that both the short and 
long components of Tx are essentially independent of 
x for x^0.4. 

In addition to the remarkable change of T1? the 
spin-spin relaxation rate, T{1, decreases rapidly with 
increasing x up to x = 0.3, as shown in Figure 7. For 
x^0.4 , T2

-1 increases slightly with x. T2 is usually 
determined by dipole coupling between Cu nuclear 
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spins and is expected to remain nearly constant in the 
order of ms because of the unchanged nuclear number 
and distance between Cu nuclei on Sr-doping. There-
fore, the enhanced T2~1 is to be attributed to another 
origin. In [10, 13], we suggested that the shortened T2 

originates from the indirect nuclear coupling via 
virtual antiferromagnetic spin excitations. Recently 
Pennington et al. [22] showed that T2 of Cu(II) in 
YBa 2 Cu 3 0 7 can be explained by a strong indirect 
coupling between Cu(II) nuclear spins through the 
nuclear moments which are coupled through superex-
change interactions to each other. In the La-system, 
T2 increases from 20 ps for x = 0.12 to 200 ps for 
x = 0.3, as shown in Figure 7. The large enhancement 
of T2 and Tx is considered to evidence the Cu nuclear 
spin-spin coupling through Cu electronic moments. 

There rapid decreases of T{~1 and T2~1 with increas-
ing x suggest the suppression of the antiferromagnetic 
fluctuations by hole-doping, and that the suppressed 
relaxation for x > 0.4 can be considered to result from 
the diminuition of the effective magnetic moments by 
hole-doping. Possibly the doped hole spins on the 
oxygen ions form nonmagnetic singlet states with ad-
jacent Cu2 + spins which have no magnetic interaction 
with other d-holes [23]. In this case, the anomalous 
splitting of the NQR spectra is not expected any more. 
It should be emphasized that the clear difference of the 
x-dependencies of Tx and T2 must be related with the 
change of the electronic state beyond x = 0.3~0.4 in 
the La-system. The quantities such as susceptibility, 
Hall coefficient and thermoelectric power change sig-
nificantly near x = 0.3 [24], implying that the elec-
tronic states in the normal state are much altered by 
hole doping near x = 0.3. The decrease of Tc for x > 0.2 
seems to occur concurrently with the change of the 
normal state quantities. Thus, one may safely say that 
the Cu-NQR of the La-system provides another evi-
dence of the anomalous change of the magnetic state 
of Cu spins by hole-doping around x = 0.3~0.4. 

For the more concentrated region of x ^ 0 . 8 , the 
electrical resistivity shows semiconducting behavior 
[13]. The temperature dependence of the resistivity for 
x > 0 . 8 is apparently fitted by the relation log^oc 
exp (T~1 / 4) below 300 K [13], suggesting that the vari-
able-range hopping conduction is dominant near 
x = 1, and that the electronic states are localized near 
the Fermi energy. In this concentrated region of 
x^0 .8 , the anomalies in the temperature dependence 
of the Tj"1 appear at low temperatures, as shown in 
Figure 9. The temperature at which T{~1 shows a peak 
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Fig. 9. Temperature dependence of T{~ \ of 63Cu in the semi-
conducting samples of La 2_ xSr xCuÖ 4 with x = 0.8 and 0.9. 
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Fig. 10. Intensity of the Cu-NQR times temperature, I • T, for 
Laj 2Sr0 8 C u 0 4 as a function of temperature. 

increases with increasing x. In addition to the relax-
ation anomalies, the intensity of the spectra decreases 
significantly near the peak temperature in nuclear re-
laxation, as shown in Figure 10. Moreover, the inten-
sities for the samples of x = 0.95 and 1 are almost 
wiped out from the range of around 35-50 MHz at 
least below 77 K. The enhancement of Tx~1 and the 
loss of the NQR signals suggest that a kind of mag-
netic order (possibly antiferromagnetic) again appears 
for x^0 .8 , similar as in the undoped and dilutely-
doped region, where the system is insulating (semicon-
ducting). The magnetic ordering temperatures are 2.5 
and 4 K for x = 0.8 and x = 0.9, respectively, and are 
expected to be far above 77 K for x^0 .95 . 
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4. Summary 

We have investigated 1 3 9 L a a n d 6 3 / 6 5 C u - N Q R in a 
wide range of Sr-subst i tu t ion in L a 2 _ x S r c C u 0 4 . The 
divergence of the nuclear re laxat ion rates of 1 3 9 L a 
indicates tha t a f rus t ra ted magne t ic phase exists be-
tween the an t i fe r romagne t ic a n d the superconduc t ing 
region. The a n o m a l o u s change of the electric quad ru -
pole in terac t ion at the La sites is accompan ied with 
the genera t ion of magne t ic in ternal fields. T h e asym-
metry , rj, of the electric q u a d r u p o l e in teract ion be-
comes negligibly small below T*, implying tha t the 
electronic conf igura t ions change with the peculiar 
magne t i c t ransi t ion. 

Splitted spectra of 6 3 / 6 3 C u - N Q R are observed for 
0 . 1 2 ^ x ^ 0 . 3 , while the spectra show only one peak 

cor responding to each C u i so tope for x ^ 0.4. In the 
superconduc t ing samples of x ^ 0 . 2 5 , T ^ 1 shows a 
sha rp decrease wi thou t the BCS type enhancemen t 
jus t below Tc, a n d also a power- low-l ike decrease with 
decreasing t empera tu re . In the n o r m a l state, the Kor-
r inga relation, T,T= const , is observed below 100 K 
for x > 0.4. 
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