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ABSTRACT 

T12Ba2CuO()+y(TI22()1) is a typical mat ♂ l' i a 1 b e 1 0 n g i n g t 0 

"hf'avy-dnped" supcrc()nductn)'. and has rnany dnping-holes in the 

じ u02 plane. This comp()und shows a f-{l'aclllal transi tion from a 85 K 

superc()nduc lOl ・ tu a n()J)supc ド condllC l i ng normal rnelal , as excess 

。 xygen conl 令 nt ， y , is incI'cascd fr ・ () m () t り 0.1. Thl'ce cornpounds 

( T
c

=72 , 40 and () K) WCI'C pr'cpal'(!d. ' 1 ・ ()月 t II d y a b (J u t s t a t i c a n d 

dynamical pl'operlies ()f じ u-d 只 pin in Cu02 plane. Knight shift and 

n U c 1 e a l' r e 1 x a t i II n r a t e , 11 r 1 f 0 1 ・ 6 ~l じ U ・ we ['e mcas uI ' ed , and 11T 1 

f 0 r 205 ' [ ・ 1 was rneasul'cd lυublain the info1'matiυn ab り ut Cu site 

indil'eclly. 

ln the nllrmal slate. 1/T1's llf G:l じ II 1'01' all compounds obey 

TIT=c の n 日 t. law 1n a wide l0mper'atuI'C r'ange. This is the first 

。 b s e l' va t i n n 0 f t h e T 1 T = c υnst. law nf Cu in the Cu02 p1ane. 

AppJying lh 令 high magnetic field (= 1J T) a1υng c-axis in 

s U P c r C 0 n d u c l i n g c 0 m p () II n d s. T c 's d c C l' C a s c f r' () m 7 '2. K a n d 4 0 K t 0 5 5 

K a n d '2. () K , l' C S P c c l j v e 1 y. T h e n ] I T J 's a 1 s () 0 b e y T (1' = c 0 n s t. 1 a w 

above 55K and 2 り K. s u p p () r l i n g l h a t '1' 1 T ご c()nst. law is an intrisic 

feature in T12201 compnunds. 八 s lhc T1T=consl. law means that the 

ener r, y spectrum nf C リ汚 p i n e x (: i t a t i () n i s c () n l i n Uυus ， Fermi liquid 

pictU1 ・ e is applicable l() Tl2201 c()mpυunds. AIJ 1/T1's are 

enhanced much as thatυf Cu i n th いじり02 plane ﾍur YBa2Cu307 ・ The 

magnitude of 1/T1 d()cs nnt chang(~ w'ilh hnle concentration. in 

cnntrast t() lhe l' ηsull thal 1/1'l ()f Cu f()J' the "1 ight-doped" La-

Sl'-CU-O supel'c()nduclnl' decreascs cunsiderably wi th increasing 

hnlcs. This diffel'cnce may be attl'ibuled to lhc differnce of 



strcngth り f C u -d s p i n a n t j f 0. r l' u rn a g n e l j c c () r 1" e 1 a t j 0 n b e t w e e n 

"hcavy-doped" and "J ight-doped" superconduclurs. 

ln the superconductig slal[~s. ternp0.raturc dcpendence of the 

spin susceptibi 1 i ty ， χs cs t i m 乱 t cd f 1 ・() m s p i n c u n l r' i b u t i u n ( K s) t u 

the Knight shifl is explained byβCS TTludel wi th a larger gap of 

21J. =1. 4KUTc than lhf' BCS va 1 ¥10. () f 2 f1 =~l. SknTc ・ Thc bchaviur is 

sirni lar tn that f()l' thc Cu02 pJ anc i n Yr~ 日 2 じ II ~l 07 ・ Hnwever. 1 /T 1 

f 0 r () ~l C 1I d c C l' e a s c S J' a p i d 1 y w i l h () u l l h c C n h a n c c m e n t j u s t b e 1 u w T c 

predicted by lhe BCS Jnndel. The unconventional behavior is also 

obsel'ved fυl' () ther s 令 vCJ'al h igh ' 1 ・ c ()xid es , and all lhe 1/T1 's 

normalized by the vallle at 1'=Tc pj()tted against T/Tc fall on a 

single curve , suggesling lhal lhe S3rne mechanism is responsible 

for the l'elaxatiun pt ・lJ cess.
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Chapter 1. Introdudtion 

Since the discovel'y of high Tc superconductor by Bedonorz 

and MUllerl) in 1986, several kinds of high Tc materials ( 

La'Sr'Cu'O, Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, TI 'Ba-Ca-Cu-O, Nd-Ce'Cu-O, 

) have been found alit_ A number of studies have been carried 

o u l i n the .... orld l o  elucidate l h e m e chanism for "high T " c 

superconductor. They have layered perovskite structure and planer 

Cu02 layers. There is a general consensus that the presence of 

the Cu02 l a yers and car"l"iers duping are essential for the 

occurrence of the superconductivi ty_ Well kno ..... n phase diagram for 

the high Tc supercondocturs is sho .... n in Fig. 1_ Non-doped sample 

is an insulatol" and antiferl"omagnel caused b y  a super exchange 

i n t e r a c t i o n  b e t  ..... e e n  C u  s p  n s _  Wi t h  h o l e  d o p i n g ,  t h e  

anti ferromagnetic state is destroyed rapidly_ W i  t h  more hole 

doping, the superconducling slale appears and then transforms to 

the metall ic state_ 

3 



1
3
L
}
}

、
・
!
?

=
℃q
c
c

℃
，
〉
〉π
乱
立
=

万
①
ハ]
O刀
ム
L
O一
」

(
X
)
 
Z 
トー

H
U
ト

一
句
ザφ芝

しJ

v1 
.-・・・・・、‘
，、

f 、
('-.、

superconductor. Tc 

Carrier Concentration 

high t h e for diagram 

4 

phase Schemalic 1 . Fig. 



p ------

The nuclear magnetic resonance CNMR) has brought much 

significant informalion for the superconductivity. The NMR is 

powerful lechnique which provides information about the 

microscopic electronic state at each alomic site. For example , 

NMR contribules to delermine phase diagrams of La-Sr-Cu-O system 

and Y-Ba-Cu-O system2) as seen in Fig . l , which indicates that the 

antiferromagnetic phase is in contact with the superconducting 

phase. In these superconductors , the resul ts of the nuclear spi n 

relaxation time , Tl of Cu for Cu02 layers suggest that 

antiferromagnetic correlation of Cu d-spins is significant to 

superconductivity. And , it is important that 1fT1 has no 

enhancement just below Tc' which was observed in conventional BCS 

superconductors. However , until now , most studies are concerning 

to the left side region of superconducting phase diagram , what we 

call "light-doping" region , where the number of holes is small. 

In the "light-doping" region , i t may be considered that the 

antiferromagnetic correlation is dominant yet. 

The purpose of this sludy are mainly to investigate Cu spin 

dynamics in T12Ba2Cu06+y belonging to "heavy-doping" region , and 

to search a mechanism of high Tc superconductivity. In the 

"heavy-doping" region , indeed , the antiferromagnetic correlation 

is considerably weak. Therefore the study of Cu spin dynamics 

under such condition is significant itself. It is expected that 

this study gives some information whether the antiferromagnetic 

correlalion is essenlial to superconductivilty , or not. 

5 
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TI2Ba2Cu06+y of Superconductivity Chapter-2. 

a 1 S compound) (2201 T12Ba2Cu06+y thal noteworthy 1 S 1 t 

that and reglon , "Heavy-doping" 1 n superconductor Tc high typical 

K 85 a from t r a n s i t i 0 n gradual a shows compound t h i s 

excess as metal , normal 

The Fig.2) O.l.Csee 

temperture.3) annealing 

et.al. Shimakawa by 

nonsuperconducting a to superconductor 

。from increased 1 S y content , oxygen 

the by controlled were oxygens excess 

been have samples qual i ty good Recently , 

their by revealed are below a s 2201-compounds of features the and 

works. 3 ) ー 6)
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2-1. Structure 

As seen in Fig. 3 , the 2201 compounds have single Cu02 

plane , where Cu is surrounded by octahedral oxygens like the 

LaSrCuO system. 80th Cu and Tl atoms have single site 

crystallographical1y. For 2201 compounds , two structures , namely , 

tetragonal and" orthorhombic , were reported. 3) "However , there is 

no differnce in physical properties between these structures. Our 

samples have tetragonal structure and perfect single phase. 

Figure 2 shows that the lattice parameter along c axis 

becomes longer for the higher Tc sample. 1 t is found that the 

distance hetween Cu and apical oxygen hecomes shorter as Tc is 

higher.4) Very recently , Y. Shimakawa , et. al. have carried out a 

n e u t r 0 n d i f f l' a c t i 0 n m e a 5 u r e m e n t 0 n t h e 2 2 0 1 c 0 m p 0 u n d s w i t h 

various Tc values , and found that excess oxygen atoms are 

incorpolated and released at an intersti tial site hetween the 

double TI0 layers.S) 

7 
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Fig. 3. Crystal structure of T12Ba2Cu06+Y. 
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Properties Transport 2-2. 

-ーー ーー - ー

R esistivit y -4), 6) E l e c t r i c 

the For resistivi ty. electric of dependence T shows 4 Figure 

the o f dependence temperature the compound , T C highest 

1 n observed one linear the to similar 1 S T ι above resistivity 

T2 K) • CTc=O sample metallic For etc..7) Bi2Sr2Cu06 ・YBa2Cu307 , 
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Hall E ffec t 6 ) 

Figu 了 e S shows T dependence of the hole number. As Hall 

coefficient is positive and decreases with increasing excess 

oxygen content , y , in TI2Ba2Cu06+y , origin of hole doping is 

attributed to the excess oxygen. The hole number increases 

gradually with decreasing from Tc= 85 k to 0 K. 
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Fig. 5. The temperature dependence of the Hall number for 

T 12 B と 2 Cu0 6+y with various Tc's. 
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2-3. Magnetic Susceptibility6) 

As seen ir. Fig. 7 , the magnetic susceptibility shows Curie 

like temperature dependence , and the Curie term becomes small 

with increasing Tc. Shimakawa et.al. speculate that the Curie 

term dose not resul t from impuri ty of extra phases , but Cu2+ ions 

substi tuted fo1' the TI si te. Actually , their Rietveld analysis of 

X-ray diffraction suggests that 3-5χof Tl sites are replaced by 

Cu atoms. They also consider that Cu atoms in Tl si tes prefer to 

exist as Cu1+ ion with no magnetic moment , and that , with hole 

doping , these Cu va-Ience changes to Cu2+ ion. By assuming that , 

in the highest Tc sample and metall ic one , all Cu in Tl si tes are 

Cu1+ and Cu2+ ions , respectively , an expected change of the hole 

number between .both samples is at most 0.1. It may be considered 

that both the excess oxygens and substitution of Cu atoms for Tl 

sites are the origin of the hole doping. 

It is important that the magnitude of magnetic 

susceptibi li ty is smaller as Tc is higher(hole doping is 

smaller) , which 1'elates to the resul t of Knight shift. 

12 
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Chapter-3. NMR Theory 

In this c h apter , the temperature dependence oﾎ the Knight 

shift and nuclear relaxation rate , 1 / Tl , in a conventional BCS 

5upe 了 co nductor are reviewed. 

3-1 Knight Shift 

In non-transition metal like aluminum , the hyperfine field 

mainly attributed to Fermi contact interaction with conduction 

electrons. Then the Knight shift is proportional to the Pauli 

5pin susceptibili ty ， χn ・ Under the external static field , H 0 , 

the spin magnetization , Ms , is expressed by the formula , 

Ms =μB ( n•- n • 

ーー μB2(f(E k-μBH 0) -f (E k+μBH o)} 

~ー2μB2 H 0 ミ df/d E k' (3-1) 

where f(E k) is the Fermi-Dirac distribution function for a 

electron of energy E k , andμB is the Bohr magneton. Thus , 

=
 

n
 

γ
ん Ms/HO = -2μB2 ミ df/dE k' (3-2) 

In superconducling state , Cooper pairs formed by up and 

down-spins do not contribute to the spin susceptibility ， χs . 

S i n 己 e only excited q u asi-p a 了 t � c 1 さ S ご o :: t ribute to X 5' the 

expression o fχs i s 
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where Ek is the energy of exci ted states. In BCS sch e me , the 

energy densily of excited states , Ns is given by 

Ns(E) = NO ・ l E|/(E2-A2)1/2 , (3-4) 

where NO and ム are the density of states (in the norml state) at 

the Fermi level and the T-dependenl energy gap parameter , 
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This result was calculated by 

Yosida 8 ) , and consis tent wi th 

that of Knight shift for 

alminum 9 ) , as seen in Fig. 8. 

1.0 し 2 1.4 

Fig. 8. Spin susceptibility 

in superconducting aluminum 
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3-2 Nuclear Relaxation Rate 

Norma1 State 

The expression of 1/T1' associated wi th the Fermi contact 

interaction , is given by 

1/T1 にト2CE)f(E){1-f(E)}dE ，
C3-6) 

where NCE) is the density of states of the conduction electrons. 

Since fCE) (l-f(E)} is nearly equal to }cBT� (E-EF) , the eq. (3-6) 

yields 

1/T1 OC kBTN2(EF) , 
(3-7) 

where EF is the Fermi energy. Then , 

1/(T1T) cζN2CEF) = const. 
(3 ー 8 ). 

This relation is called "Korl'inga law". 

Superconduct i旦g ~よ at~

In the superconducting state , 1/T1 is given by 

1/T1 ぱ J( Ns2(E) + Ms2(E) If(EH ト f(E)}dE ， C3-9) 

¥oJhere Ns CE) is given by the eq. (3 -"'; ) , aπd ャi hat is called the 

"anormalous" density of states ，河 s(E) ， is given by 

16 
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MsCE) = NO ム /(E 2 ーム 2)1/2. C3-10) 

Ms relate to "coherence effect 川. Since both Ms and Ns diverge at 

E ム， as seen in Fig. 9 , l/Tl is enhanced just below T c ・ A t Iow 

temperture (T くく T c ) ， fCE) is nearly exponential and therefore 1fTl 

also decreases exponentially with the T-decrease. The behavior of 

l/Tl for 27Al in the superconducting alminum 9 ) , 10) is consistent 

10. 

with that calculated with using above eq.(3-9) , as seen in Fig. 

N 伝)

N(Ø)ト一一一ト一一一ー一一一一
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Chapter 4. Experimental Procedure 

4-1. Sample Preparation4) 

Single phase polycrystalline samples of T12Ba2Cu06+y were 

prepared by solid state reactions. Mixtures of T1203' BaO and CuO 

powders were pressed into pellets. The pellets were wrapped in Au 

foil , and sintered at 860 oC fo1' 5-10 hours in oxygen atomsphere. 

After grinding , they were sintered again at 880-890 oC for 5-10 

hours in oxygen atomsphere. 

Samples sintered in oxygen atomsphere were metallic and 

showed no superconductivi ty down to 10 K. They were then annealed 

in argon atomsphere at various temperatures ranging 300-590 oC 

for 5 hours , resulting in appearance of superconduct1vity with 

various Tc's depending on the annealing temperature. In this way , 

three samples( Tc = 0 , 40 , 72 K ) were obtained. X-ray 

diffraction did not show any impurity phases for al1 samples. Tc' 

which is defined as temperature where the diamagnetic signal 

appears , was determined by the ac susceptibility measurement. All 

samples were powdered for N阿 R measurement. 

lS 
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4-2. Cryostat 

63Cu and 205T1 1\河 R measurement were performed in the high 

field ( H = 10-11 T) between T=-4.2 K and 300 K. For 63C u , NQR 

measurement in the zero field was performed. 

Hi gh f_L立li ♀Eヱ立主主主主

High field NMR of 63Cu and 205Tl were performed in a 

cryostat shown in Fig. 11. The cryostat enables us to control 

temperature between 1.3-400 K and apply field up to 12 tesla. The 

sample was set at the center of the superconducting magnet. The 

temperature was monitored by Pt thin film thermometor and carbon 

glass thermometor. Inhomogenei ty of magnetic field at the center 

of the magnet is less than 10-5 Thus , the precise measurement of 

the Knight shift is practicable. 

担金R _� ryostat 

As seen in Fig. 12 , NQR cryostat has a simple structure , 

since 63Cu NQR measurement was carried out in zero field and does 

not need the magnet. Sample's temperature is controlled by two 

heaters. The upper heater is used to warm the sample and the 

lower heater is used to cool down by evaporating 4He liquid. The 

temperature is monitored by the thermocouple thermometor. 

19 
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4-3. N河R and NQR Measurernent 

NMR and NQR were perforrned by spin echo method using a 

conventional type NMR spectrometer. NMR spectra were obtained by 

th~ Box Car Integrator averaging spin echo intensity with 

sweeping magnetic field. NQR spin echo spectra were plotted as a 

function of frequency. 

In T12Ba2Cu06+y' Cu (1=3/2) and Tl (1=1/2) nucleus were 

observable for NMR measurement. By the sample orientation in the 

high field , Knight Shift and 1/T1 measurement in the field 

parallel (HII c) and parpendicular (H よ c) to the c-axis have been 

made. The method of sample orientation was as follows , 

1) perpendicular orientation (Hlc) 

Be 1 ow T c' there i s a tendency for the powder to be al igned 

wi th the c-axis perpendicular to the magnetic field owing to the 

anisotropy of the diamagnetism. Actually , by the vibration of 

sample in the field (=11T) , perpendicular orientation was 

achieved. 

2) p a r a 1 1 e 1 0 r i e n t a t i 0 n (H 11 c) 

Powdered sample and polymer(melting point=60K) were mixed at 

the ratio of 4:1 in the sample case. Sample case was put in the 

field (=11T) at 800 C for 20 minutes and was quenched. The powders 

were aligned with the c-axis parallel to the field. This 

orientation results from the effect of anisotropy of Cu spin 

suscepti bi 1 i ty. 

For 'c ot~ 口 ethods of orient と tion ， the orientation was not perfect. 

This is 炒e  to the fact that thεeach powder particle was not a 
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single crystal. Ho 'W ever , both 0 了 ient 己 tions were enough to pe 了 form

the precise measurements of Knight shiﾏt an� T1 ・

In order to determine the quadrupolar and Knight shifts for 

Cu separatelY , series of spectra were taken at several 

frequencies in the range of 110-130 MHz. 

Saturation method was used for measurement of T1 ・ Aπ/2

pulse was applied to satulate nuclear magnetization. After the 

time , t ， π/2-πpulse series were applied to observe spin echo. 

Since intensi ty of spin echo is in proportion to the 

magnetization recovered after t , decay of magnetization is 

obtained by changing t. Tl measllrement of Cu was performed in the 

central peak of the quadrupolar spl i t 1 ine. Then , the 

magnetization; M(t) at t obeys the following equation , 

間二門o ( 1 -O. 9 ex p( 二早- 0.1 叫(守) ) (4-1) 

where MO is a thermal eq~i 1 i brium magnetization. As seen in 

Fig.17 , T1 was obtained by a least square fitting to above 

equation in the recovery of magnetization observed. 

As Cu nucleus has 1=3/2 and quadrupole moment , NQR was 

observable. NQR measurement in the zero field has great advantage 

on studYing about superconductivi ty. NQR spectra and T1 for each 

sample were measured. 
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Chapter 5. Expe 了 imen tal ResuI ts 

!n TI2Ba2Cu06+y belonging to "heavY-doped" syste fi1, Knight 

shift and Tl for 63Cu and 205T1 were measured to investigate 

normal and superconducting properties. Results of Knight shift 

and I/Tl of 63Cu were described in Sec.l and Sec.2-3 , 

respectively. Results of I/Tl of 205Tl were described in Sec.4. 

5-1. Knight sh'ift of 63Cu 

In order to study the intrinsic properties in the normal 

and the superconducting states in series of Tl2Ba2Cuo6+y which 

have a simple structure like La2-xSrXCu04' we have carried out a 

63Cu high-field Knight shift measurement up to 11.5 T for three 

compounds with Tc=72 K , Tc=40 K and Tc=O • Here Tc in the 

magnetic field of 11.5 T was determined as the temperature where 

the Knight shift starts to decrease. The polycrystalline samples 

were prepared by a conventional powder method described 

elsewhere.4) The Cu NMR spectrum was obtained by sweeping the 

magnetic field in a frequency range of 110 MHz -130 MHz from 4.2 

K to 150 K. 

Fig. 13 (a) and Cb) show the 63Cu NMR spectrum in the 

partially oriented powder , with the c-axis paral1el and 

perpendicular to the magnetic field , respectively , at 4.2 K and 

125.02 MHz for th~ compound with Tc=72 K. The spectrum comes from 

t h e (1 /2) ー(ー 1/2) transition affected by the second order 

quadrupole effecl. Although the orientation is not perfect , 

enhancemer.t of 0:河 R i 11 t e 百三 ity by orientation is enough to 

determine the Knight shift precisely. 
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In order to determine the quadrupolar and the Knight shift 

separately , the series of spectra ~ere taken at several 

different frequencies between 110 and 130 MHz. Following the same 

procedure as in YBa2Cu30712) , wherc the value of (ω 。 _63γNHres (

8 )}/63γ NH res (8) are plotted against{63γNHres C8 )}2 , a nice 

linear relation was obtained , as seen in Fig. 14 (a) ー (c). Here 

ωo is the resonance frequency , Hres(8 ) is the field 

corresponding to the peak of NMR intensity in Fig. 13 (a) and 

Cb) , and 63γN the nuclear gyromagnetic ratio. In TI2Ba2Cu06+y , 

each sample has axial symmetry and its principal axis .of the 

electric field gradient is c-axis. In this case , the shift along 

c-axis has no quadrupolar shift , and therefore has constant value 

independent of the frequency. Then the Knight shift K and the 

second order quadrupole shift have been evaluated from the 

intercept and the slope of these lines , respectively. In these 

ana l yses , we neglect the higher order quadrupolar shift ，ム v

which is estimated as ム 'v /63γNHres < 0.7xlO- 4 , because there is 

an experimental error of +0.01χfor the determination of the 

shift. Thus obtained K ム and KIl for the compounds with Tc= 72 K, 

40 K and 0 K are shown as closed and open circles in Fig. 15 (a) ー

(c) , respectively. 
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The spin part of Kム a n d K 11 a r e e x c 1 u s i ve 1 y c 0 u p 1 e d t 0χ s (T) 

by the Îormul a 13 ) , 14) 

K ム (T)= A ム χs(T) + Kム o rb. ' ( 1 ) 

K 11 (T) = A 11χs(T) + KU 01 ・ b. ' (2 ) 

where Korb is the orbital shift and generally T-independent. The 

results in YBa2Cu307 were analyzed by assuming KspinCT)=O at T=O 

and K orb=O.28χ.14) ， 15) In the superconducting vortex state , the 

screening diamagnetic current produces an additional local field 

at all nuclear sites. This diamagnetic correction to the shift 

at 11.5 T is estimated to be less than -0.01χby assuming the 

same value as in YBa2Cu307 ob.tained at lowest temperature and 

7 ・ 5T. 14) , 15) Wi th these assumpt i ons , K_lorb for T12Ba2Cu06+y 

with Tc=72 K and 40 K are evaluated to be 0.24χand 0.26χ ， 

respectively. The T-dependence of Kム is similar to that of 

YBa2Cu307 reported previously.14) , 15) Namely , above T
c
' Kょ i s 

almost T-independent , while below Tc' decreases rapidly. Kム fo r 

the non-superconducting compound is T-indlependent with a larger 

value of K ょ =0.95χ. Different from the Curie like behavﾎor of 

the bulk susceptibilit y 6) ， χs(T) is T-independent in the normal 

state for T12Ba2Cu06+y' If Kム orb for the non-superconducting 

material is assumed to be almost the same as in the 

superconducting compounds , the magni tude of the spin 

S ロ sceptibility ， X s(T) appea 了 s to increaseνi th decre 三 sing T
c
' 

in other word , increasing hole concentration. 
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On the other h a nd , for the superconducting sainples l,.I ith 

Tc=72 K and 40 K, both Tc's estimated from the results of KII 

drop sharply down to 55 K and 20 K, respectively , by the magnetic 

field. This is consi tent wi th the fact that the magnetic field 

along the c-axis has a great effect on Tc in the high Tc 

superconductor. Apparently , i t is found that KU also contains 

spin contributions , which is quite different to the result CKn 

spin=O) in YBa2Cu307 ・ 14) ， 15) Since the value of KU orb (=1.27χ) 

for 72 K compound is almost same as thatC=1.28χ) i n 

YBa2Cu30714) , 15> , KU orb is assumed as constant independent of 

T c ・ Then rough estimations of spin susceptibility for respective 

samples are made by uSing the same analysis as above. Table 1 

shows the spin and orbital contribution to K in each sample. 

Table 1. Spin and orbital contribution to K 

Ks ム (χ) K ム orb(χ 〉 Ks 11 (χ) K 11 0 rb (χ) 

Tc=72 K 0.45 0.24 0.25 1.27 

Tc=40 K 0.49 0.26 0.30 1.28 

Tc= 0 K 0.69 0.26 0.49 1 .28 

YBa2Cu30� 0.30 0.28 ,.._, 0 1 .28 
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To argue the spin s usc ε ptibility belo¥oJ T c , the normalized 

spin susceptibili tyχ s l χn= CKl.. - Kム orb) s /( Kム - Kム orb)n deduced ﾎrom 

eq. (1) is indicated in Fig. 16 for the compounds wi th T
c
=72 K 

(solid circles) and 40 K( open circles). As seen in the f igure , 

both appear to show the almost same T-dependence. 1 t should be 

noted that this T-dependence is quite similar to that for the 

Cu02 plane of YBa2Cu307 ・ 14) ， 15) When the data of Fig. 18 are 

tentatively fitted to a calculation based on an isotropic gap 

model ( s-wave) wi th a larger energy gap o.f 211 =4.4kBTc than the 

BCS value of 3.5kBTcJ which is indicated by solid line in Fig. 

18 , the experiment and the calculation are in good agreement to 

each other. 

On the other hand , i f a d-wave model is assumed wi th a gap 

zeros of line (ム=ム ocos 8 )υn the Ferrni surface and a 1 arge 

energy gap of 2 ム。 =lO.5kBT c ' which explain the Cu relaxation 

result just below Tc' there is a distinct discrepancy in low 

temperature as indicated by a dashed line in Fig. 18. 

Fur thermore , the T-dependence ofχsCT) extracted from 170 Knight 

shift for Cu02 plane in YBa2Cu307 has also been shown to be well 

fi tted by a s-wave model wi th 2 ム =4.9kBTc . Thus the Knight shift 

results in the Cu02 plane are consistently interpreted by the sｭ

wave model with a larger energy gap than the BCS value. 
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Fig. 18 and 19 show the temperature dependence of 1/Tl( よ)

and (T1 T );I , respectively. Remarkably , 1/Tl( よ for the 

superconducting samples obey the T1 ・ T=const. law , in the wide 

temperature range above Tc' which is in contrast to the results 

in YBa2Cu30716)-18) , CLal-xSrx)2Cu04 (x=0.075)19) , etc.. This is 

the first observation of the KOl'riga like law of Cu in Cu02 

plane. However , at higher temperture , l/Tl ( 上) deviates gradually 

from the Korriga like law. l/Tl( ム) for the nonsuperconducting 

c 0 mp 0 u n d a 1 s 0 0 b e y s t h e K 0 r r i g a 1 a w 0 ve r a 1 1 t e m p e r a t u r e r a n g e 

measured( between 4.2 K and 130 K ). The magnitude of l/Tl(よ) i n 

the normal state is almost same for all compounds. It shoud be 

noted that l/T1 is enhanced as in the case of YBa2Cu30716)-18) , 

manifesting to be also affected by Cu-d spin fluctuation in Tl 

compounds. 

In the superconducting state , l/Tl( 上) decreases rapidly 

without the enhancement just below Tc. This is a common feature 

for all high Tc superconductors and cannot be interpreted by the 

conventional s-wave model. 
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(2 > Temperatu 了 e Dependence of l/Tl( 日)

It was hard to measure l/Tl( 11 ) precisely at high 

temperature , since the orientation was not perfect and NMR spin 

echo signal was weak. However , i t was found that the temperature 

depedence of 1/T1 (11 ) was largely affected by the magnetic fleld. 

By applying the field , 1/Tl( 11 ) for both samples with Tc=72 K and 

40 K decrease to 55 K and 20 K, respectively , as seen in Fig. 20 

and 21 , which is consistent with the results of KU . 
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5-3. 11T1 of 63Cu by NQR 

Cu NQR spectrum for each compound has been measured by 

sweeping frequency in the zero external field. Figure 22 shows 

the spectrum at 4.2 K. As seen in the Fig. 22 , 63Cu and 65Cu line 

overlap each other because of the broad line width. There is a 

tendency that NQR line width ior the compound with lower Tc is 

more broader. This tendency may be due to some inhomgeneity oWing 

to the introduced excess oxygens. The peak frequency of 63Cu line 

for the compounds wi th Tc=72 K, 40 K, and 0 K were roughly 

estimated as 22.2MHz , 23.8MHz , and 26.2MHz , respectively. These 

values are nearly equal to those estimated from the quadrupolar 

shift , namely , 21.5MHz , 23.8MHz and 26.9 阿Hz.

1/T1's of 63Cu for all compounds have been measured at each 

peak frequency. As the principal axis of the electric field 

gradient is the c-axis , 1/T1 measured by NQR gives information 

along c-axis. The signal-to-noise ratio at 4.2 K is about 3. 

Figure 23 shows the temperature dependence of 1/T1 ・ The behavior 

of 1/T1 is similar to that of 1/T1(ム). But the magni tude of 1/T1 

above Tc for supercondllcting compounds is different from that of 

l/Tl( ム)， and this difference results from anisotropy of T1 ・ For

nonsuperconducting compound , the magni tude of 1/T1 is equal to 

that of l/Tl( ム)， as seen in Fig. 24. 
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5-4. 1/T1 of 205Tl in the High Fi ε ld NMR 

The T1 has been measured a10ng the direction pependicular to 

the c-axis between 4.2 K and 293 K at 240 MHz. Since 205T1 has no 

quadrupole moment , T1 is measured precisely. Actually , above Tc' 

the recovery curve of the nuclear magnetization was fi tted to a 

single exponential function , as seen in Fig. 25. .As NMR spectrum 

is very sharp , the signal-to-noise ratio is enough to measure T1 

precisely up to nearly 300 K. Figure 26 shows the temperature 

dependence of (T1T) ー 1. The behavior of T1 of 205Tl is similar to 

that of T1 of 63Cu. The temperature , T* , which begin to deviate 

from Korriga law , was estimated for each sample with Tc= 72 K , 40 

K , and 0 K , to be about 150 K , 160 K , and 200 K , respectively. 

It is confirmed that 1/T1 of 205Tl and 63Cu for the compound 

wi th Tc=72 K scale to each other above T c ・ Figure 27 shows 1/T1 

of 63Cu plotted against 1/T1 of 205Tl between 80 K and 203 K with 

temperature as an implicit parameter. The ratio of 205(T1)/63(T1) 

is constant above Tc' suggesting that the origin of the 

relaxation is the same in both Cu and Tl sites. Therefore the 

relaxation behavior of Cu site is obtained indirectly from that 

of Tl si te. 
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Chapter 5. Discussion 

6-1. Normal State 

(1) Evidenc e for Fermi 1 iouid exci tat i 0 n 

1/T1 's of 53Cu and 205T1 for all compounds obey T1T=const. 

law in a wide temperature range. Applying the high magnetic field 

along c-axis in superconducting compounds (Tc=72 and 40 K) , Tc's 

decrease from 72 and 40 K to 55 and 20 K, respectively. Then 

1/T1's of 53Cu also obey TIT=const. law above 55 and 20 K. The 

results support that T1T=const. law is an intrinsic feature in 

T12201 compound. As the TIT=const. law means that the energy 

spectrum of Cu spin excitation is continuous , it is considered 

that Fermi liquid picture is applicable to T12201 compound. 

Judging from the fact that this series of compounds possess a 

sufficiently high temperature superconducting transition (=85 K) , 

the a Fermi liquid picture may be a suitable approach to describe 

the normal state property in high Tc superconductor in general. 

1/T1 's of 53Cu and 205Tl for all compounds deviate from 

T1T=const. law at higher temperature above T~ . This origin seems 

to be due to the Cu spin fluctuation. The tendency that T>.': 

i n c r.e a s e s w i t h h 0 1 e d 0 p i n g wa s f !) U n d . 

( 2 )豆i:1_ffiQ_企LL主旦E 出よh 盟臼亘ILci 1_S_♀Q ~ヱ~_Lf~1li>_

In YBCO and LSCO systems , 1/T1 of Cu in Cu02 plane does not 

obey T 1 T=cons t. 1 aw above T c' and i s enhanced by abou t one order 

of the mdgr1itude thεn t h 合 bai1� calculati lJコ 1 ~ � f l e '2 t i n g t h e s t r つ宍 E

Cu spin correlatiυ η. iS) - 1 97 1/T l i s gener aiiγ g i \"され by 
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: J τ1 cζ KBTL χ ( q ) J 

( 6 . 1 ) 

whereχ ( q) is a dynamical spin 

susceptibility. The behav�r of 

，戸-、、

1/T1 for Cu is qualitatively 

explained by assuming thatχ(q) σ
)×
 has a sharp peak around q=Q as 

seen in Fig. 30 because of the 

antiferromagnetic correlation 

between Cu spins , and thatχ(Q) 

decreases with T-increase. 

A phenomeno 1 ogi cal trea tmen t for q 

1/T1 taking account of the Cu-d 

spin AF correlation has been Fig ・ 28. Schematicχ(q) having 

carried out in YBCO system by a sharp peak at q=Q. 

severa1 groups.20) ー 24) Recently , 

Moriya et. a1. have extended the se1f-consistent renormalization 

t h e 0 r y ( S i: R t h e 0 r y ) 0 f a w e a k 1 y 0 r n e a r 1 y ，~ F m e t a 1 t 0 t h e t W 0 _ 

dimensional system , and predicted that l / (TIT)~χQ C[) a n dχQ(T) 

is proportional to 1/(T+8 ).23) 
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6-2. Superconducting State 

In 1123 三之 Cu06~v ， the 63Cu Knight shift results belo',,- lc can 

be 、- ell explained in terms oi the isotropic g2.p (s-v;ave) Iilo�el if 

a larger energy gap with 2 ム =4.4kBT c is assumed in contrast to 

the BCS value of 2 ム =3.5kBT c ・ This behavior of the spin 

susceptibi li ty below Tc appears to be a rather unique feature 

when compared to the resul ts of 63Cu and 170 in the Cu02 plane in 

YBa2Cu307 ・ 13)-15) ， 25) This point is different from the result of 

the penetration depth byμSR experiment supporting the BCS sｭ

w a v e m 0 d e 1 _( 2 ム =3.5kBT C ).26)

In contrast to the Knight shift result , the T-dependence of 

the nuclear relaxation rate , 11T1 of 63Cu is unconventional~ that 

is , the 11T1 decreases rapidly without an enhancement just below 

T c c h a r a c t e r i s t i c 0 f a B C S s u p e r C 0 n d u c t 0 r. A s s e e n i n F i g. 29 , 

the unconven t i onal behavi or i s al so observed for 0 ther several 

high Tc oxides , and all the 1/T1's normalized by the value at 

T=Tc plotted against T/Tc fall on a single curve in a wide 

temperature range below Tc' This result suggests that the same 

mechanism is responsible for the relaxation process. There may be 

an alternative explanation for T1 'With� the flamework of the s-

wave model ぃ hich involves a pair-breaking effect only near Tc. 
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6-3. Anisotropies of Knight shift and 1/T1 

? i g u r e 30 s h 0 ¥1.' S K s ょ~ ﾏ¥ S ;I a r; 三 i: 1・ 1 .' : ， く ~lÜ_ ci 63Cu plotted 

♀ gains t the hole number per Cu in th 三 Cu02 plane in T12Ba2Cu06+y , 

YBa2Cu307 and Lal.8SSrO.lSCu04 ・ Here Ks is a spin contribution to 

the Knight shift. In T12201 , as the hole number increases , both 

Ks ム an d K s 11 i n c r e a s e a n d ( T 1 ) 11 / ( T 1 )ム approaches 1 gradually , 

that is , the anisotropies of Ks and T1 become small. It is well 

known that the origin of the anisotropy is due to the anisotropy 

of the hyperfine coupling constant. In the high Tc 

superconductors , Ksl.and KslI of Cu in the Cu02 plane are 

generally given by 

Ks j_ = A ょ χs = (Aa b + 4B)χs ' 

Ks 11 = A 11χs = (Ac + 4B)χs . 

Here Aab and Ac are components perpendicul ar and parall el to c-

aXls of an on-site hyperfine coupling constant. B is an 

isotropic term resulting from supertransferred hyperfine 

interaction between nearest neighbor Cu sites. Unfortunately , ir. 

T12201 , since both Ks andχs are independent of temperature 

above Tc' it i8 imp皛sible to estimate A..l and A!I 

In YBa2Cu30ï , Äab , Ac and B are estirnated at 30 ， 一 16 -1 an d 

4 1 kO e / μB ， respectively. Taking account oi the fact that Aab and 

Ac ar'e not af�ected by hole doping in YBCO system , we assume that 

Aab and Ac in T122 り 1 are nearly equal 1:0 th り se in YBa2Cu307 ・ Then

i t i s c L) n s i d e r e d t h a t b 0 t h K j_ a n d K il a r e i n c r e a s e d b y i n c r e a s e 

of B term ¥oJith hole-doping. 
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Chapter-7. Summary 

~ 、・守

上コ y 5tH己ア l ;t g と DG 11 t て.!.と ò a2C u06+y using \~2 technique ， ・ 'he 三 -"y -

doped" s upe 了 c o 三 ë l.l c to γ~as found to possess a characteristic 

feature. In the normal state , 1/T1 's of 63CU in the CU02 plane 

for a11 compounds obey Korringa 1ike CT1T=const.) law in a wide 

temperature range , suggesting that Fermi 1 iquid picture is 

applicable to T12201 compound. The magnitude of 1/T1 does not 

change with hole concentration , in contrast to the result that 

1/T1 of Cu for "light-doped" La-Sr-Cu-O superconductor decreases 

considerably with increasing ho1es. This difference may be 

attributed to the difference of strength of Cu-d spin 

antiferromagnetic correlation between "heavy-doped" and "light-

doped" superconductors. 

In superconducting state , the temperature dependence of the 

susceptibility is explaned by BCS model with a larger gap of 

2 ム =4.4kBT c than the BCS val ue of 2 ム =3.5kBT c . Ho\,.; e ver 1/T1 of 

63Cu is unconvetional and 瀑creases rapid1y without the 

enhancement just below Tc predicted by the BCS model. The 

unconventional behaviur is commonly observed in other several 

high Tc superconductors. 
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