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AbslmcL Results of our nuclear magnetic resonance measurements on two supemn- 
ducting materials, namely, l l B a d a a , 2 C u O s - ,  and nBal,5Lao,sCuOs-, (T, = 45 K 
and 32 K respectively) are reponed The mast significant Gnding of the present work 
is thal the nuclear relmtion rate deviates hom Korringa behaviour at a temperature 
much higher than the superconducting transition temperature T,. An increase in the 
linewidth is observed below T, which is due to the formalion of the VORex lattice. 

1. Introduction 

Thallium-based high-T, superconducting materials may be classified into two cate- 
gories, namely those containing one TI-0 layer and the ones that contain WO TI-0 
layers in the unit cell. Within each category, the superconducting transition tem- 
pcrature T, depends upon the number of 13-0, layers in the unit cell. For each 
of the members of either of the two series of these compounds, there is an opti- 
mum concentration of oxygen that leads to the highest superconducting transition 
temperature. 

Nuclear magnetic resonance (NMR) studies have been extremely useful in obtain- 
ing a deeper insight into the nature of the normal state as well as the superconducting 
state of high-T, materials. For instance, &om the nuclear quadrupole resonance mea- 
surements, it follows directly that the copper ions occupying Cu(1) and Cu(I1) sites in 
the crystal structure of the so-called 1-2-3 (RBa,Cu,O,; R = Y and rare-earth ions 
except Ce, Pr, Tb and Lu) superconducting materials do not carry a time-averaged 
magnetic moment. Asayama er af [l] have pointed out a possible correlation between 
the nuclear quadrupole resonance (NQR) frequency of copper nuclei in many high-T, 
superconductors; namely, the higher the Tc, the lower the NQR frequency. Relaxation 
rates of various nuclei have been measured in a variety of high-T, materials and 
important conclusions have been drawn with respect to the nature of Cooper pairing 
and the magnitude of the energy gap in the superconducting state. 

Many NMR studies of "I nuclei in bilayered TI compounds have been reported 
(2-61. For instance, the nuclear relaxation rate T;', measured in the normal state, 
of the z05~?03"I isotopes in TI,Ba,CaCu,O, and T12Ba,Ca,Cu,0,0 does not follow 
the Korringa law 

T,T = constant 

0953-8984/92/336971+06$04.50 @ 1992 IOP Publishing Ltd 6971 



6972 A K Rajarajan et a1 

where T b the temperature of the material. This behaviour, which is similar to 
what one observes for 63@Cu isotopes in YBa,Cu,O,, has important implications 
with respect to the nature of the normal state (whether Fermi liquid or otherwise) 
of thc high-T, superconducting materials. Below T,, the relaxation rate decreases 
with temperature, indicating a pairing of carriers, but the temperature dependence 
of the relaxation rate does not follow the trend predicted by the conventional Bcs 
model. In some 7-0 bilayered compounds, the deviation of the relaxation rate from 
normal behaviour occurs above T,. We considered it to be of interest to extend 
our measurements to TI-based superconducting materials having TI-0 monolayers. 
In this paper we present results of our TI NMR studies on La-substituted systems 
TIBa,~,La,,,CuO,-, and llBa,,,La,,,Cu05-, which have single TI-0 and also single 
Cu-0 layers. 

2. Experiment 

Samples of TIBa,-,La,CuO,-, (I = 0.2,O.S) were prepared by heating together 
required amounts of the oxides TI,O, (99.99%), BaO, (99.5%), Laa,03 (99.99%) and 
CuO (99.99%) in a sealed gold tube [7, SI. X-ray diffraction showed that the materials 
were essentially of single phase (see figure l), except for the presence of traces of 
BaCO, (* in figure 1) and BaCuO, (. in figure 1). Comparison of the strength of the 
100% intense peak of the compound with that of the traces of BaCO, and BaCuO, 
suggests that the phase purity of the sample is about 95%. Superconducting behaviour 
was investigated via the AC susceptibility, measured as a function of temperature; T, 
was determined to be 32 K and 45 K for samples with I = 0.5 and z = 0.2 
respectively. 

20 26 32 38 44 50 56 62 68 

2 e- 
Figure l. X-ray diffraction pattern of nBa2-.La,Cu0,-6. * indicates peaks belonging 
to [races of &COS and indicates peaks klonging to tram of BaCuOl. 
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A standard coherent pulsed NMR spectrometer was employed to study the NMR of 
z03Tl and 20sTI as a function of temperature (4.2 K < T < 300 K). A liquid helium 
continuous flow cryostat was used to carry out NMR measurements as a function of 
temperature. x - 7 - 7r/2 - r, - x - . . . pulse sequence was used to measure the 
spin-lattice relaxation time TI.  The sample temperature was measured using a Au- 
FeO.O7%-chromel thermocouple to within an accuracy of 1 K The magnetic field, 
held constant at 1.26 T, was calibrated using TI,(SO,), as a reference material. 
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Figure 2. z03*z05Tl NMR spectrum of nBal,&o,zCuOS-s taken at 15 K in a 8eld of 
1.26 T 

3. Results and discussions 

Figure 2 shows a resonance signal of 203Tl and 20511 in TIBa,Ja,,,CuO,-, recorded 
at 15 K A similar spectrum was also observed in the other material. The Knight shift 
(10, measured with respect to TI,(SO,),, is positive (resonance shifted to higher 
frequency) and essentially independent of temperature h the normal state. This is 
expected if the normal state of these materials is Rrmi-liquid-like. The shift measured 
at 300 K for the two samples is 0.32%. In the superconducting state K decreases to 
0.11% and 0.16% for I = 0.2 and 0.5 respectively. 

The linewidth (Aw) of the 205TI resonance is - 60 !&z at MO K It is weakly 
temperature dependent in the normal state down to T,. Below Tc, Aw starts increas- 
ing rapidly and at 4.2 K, it becomes nearly three times its value at 300 K Figure 3 
shows a detailed temperature dependence of Aw. This increase in the linewidth is 
due to the formation of a flux line lattice in the superconducting state as is usually 
the case with superconducting materials [9]. 

Figure 4 shows the relaxation rate T;' of ao5TI in the two materials measured as 
a function of temperature. It is clear .that T;' follows a Koninga-like behaviour 

T;'(T) = A, + AIT 
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Figure 3 Pmperarure dependence of Ihe linewidth in nBal,8Lao.ZCu05--6. Note that 
unlike tbe relaxaliw rate, see figure 4, the linewidth deviates from normal behaviour at 
Tc . 
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Figure 1 Relaxation rare as a function of temperalure tor mmpounds with z = 0.2 
and 0.5, The normal slate shows Komnga4ike behaviour. The relaxation rate deviates 
from normal khanour at a temperature much higher rhan T,. For funher details see 
teyL 

in the temperature intewal 300 K 4 T 6 T'; T' (E 60 K and 90 K for the samples 
with E = 0.2 and 0.5 respectively) being much higher than T,. At temperatures below 
T', T;'(T) deviates from this linear behaviour. For an ideal Fermi-liquid system, 
A, has to be zero since there are no elementary excitations at zero degrees absolute. 
Giomnni et a1 [IO] obtained the modified Korringa relation for metallic systems in 
which dilute magnetic impurities are present. According to [9], the Korringa relation 
gets modified due to the presence of magnetic moments and can be written as 

= ( l / T i ) l K o r c [ l  + (6/ . ) (J/EF)(J/r , f iH)(s , )c l .  
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Where J is the sd exchange coupling constant between magnetic ions and the 
conduction electrons, C is the concentration of magnetic ions, (S,) the average spin 
polarization of a magnetic ion in the applied field H. Since ( S , ) / H  is inversely 
proportional to T the second term leads to a temperature-independent relaxation 
rate. A possible source of the term A is the presence of dilute isolated magnetic- 
moment-bearing impurities. We believe that this is rather unlikely in the present 
studies. Slichter et a1 [ll] correlate this additional relaxation rate to fluctuations of 
Cu d spins in Yl23 compounds. 

In conventional superconductors, nuclear relaxation occurs via the electron- 
nuclear contact hyperfine interaction. This leads to two important consequences: 

(i) enhancement in the relaxation rate, the so-called HebelSlichter peak 1121, 
just as the sample enters in the superconducting state; 

(ii) deviation, at and below Tc, of the relaxation rate from the normal-state 
Korringa behaviour. 

Well below T,, the relaxation rate decreases exponentially with temperature as 

T; ' - exp (-E,/ kB T )  

where Eg is the energy gap in the superconducting state. 
In the present studies, the relaxation rate deviates from the Korringa-like be- 

haviour at a temperature T' (> T,) and does not exhibit an anomaly at the super- 
conducting transition temperature. Moreover, well below Tc, the relaxation rate does 
not follow the temperature dependence as suggested by this relation. 

In view of the basic differences between the temperature dependences of the 
measured T;' in the two materials and that usually observed in a conventional su- 
perconductor, we suggest that there must be another channel of nuclear relaxation 
besides the electron-nuclear contact hyperfine interaction. The contribution arising 
due to this channel must be quite significant in order to account for the differences, 
both in the normal state and the superconducting state, mentioned above. It has 
been suggested [ l l ,  131 that there are antiferromagnetic fluctuations in high-T, ma- 
terials that give rise to an important contribution to the nuclear relaxation rate. The 
results of our measurements are consistent with the existence of antiferromagnetic 
fluctuations in the two materials. 

It is instructive to note that the resonance linewidth increases rapidly as the sample 
is cooled below T, and not T". This is consistent with the fact that the variation 
in the liewidth occurs only when the sample enters into the superconducting state. 
In conventional superconducting materials, deviation of the relaxation rate from the 
Korringa behaviour as well as the increase of liewidth occur at and below T,. 

4. Conclusions 

The Knight shift, linewidth and relaxation rate of zo5Tl NMR have been measured 
in two single-TI-0 layer system TIBal~8Lao.,Cu0,-y and TIBal,,La,,,CuO,-, (T, 
= 45 K and 32 K respectively) in the temperature lnterval 300 K > T > 4.2 IC 
The Knight shift is independent of temperature in the normal state but decreases 
in the superconducting state. The relaxation rate shows significant departure, both 
in the normal as well as in the superconducting state, from the behaviour observed 
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in conventional superconductors. Antiferromagnetic fluctuations may be responsible 
for this behaviour. The resonance linewidth increases rapidly below T, just as in a 
conventional superconductor. 

A K Rajarujan et aI 
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