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Abstract

In Lag.xSrxCu04(LSCO), the superconductivity emerges just
after the disappearance of the magnetic ordering, accompanied by
the gradual increase of T, on doping Sr. The superconducting
transition temperature reaches a maximum at Tp=38K for x=0.15 and
subsequently starts to decrease. The further increase of Sr
doping makes T, decrease, being T,=0K at around x=0.3. Though
many investigations have been made for high temperature
superconductors(HTSC), the mechanism and tihe origins of the Teu-
variation upon Sr content in La system have not been understood
yvet. In this context, we carried out Cu NQR and NMR experiments
for superconducting LSCO. In addition, an NMR study of Chevrel
phase superconductors(SC) was performed for a comparison with
those of HTSC, in order to stress the unusual relaxation behavior
for HTSC.

(T1T) "1 of 63Cu in Lag_xSrxCu0O4 in the normal state exhibits
a T-dependence of C/(T+6 ) above around 6 and approaches a
nearly constant value in a narrow T-region just above T,. This
result suggests that the T-dependence of the staggered
susceptibility, x q, at around the zone boundary, Q=(z /a,z /a),
follows the Curie-Weiss law. In addition, the decrease of 1/TqT
and the increase of the.Knight shift perpendicular to the c-axis,
K, , upon hole doping testify the decrease of x g and the
increase of the uniform susceptibility, x o, at the zone center,
q=0, respectively.

1/T1's of 205T1 in Chevrel -phase SC TlMogSe7 5(T.=12.2K) and
of 119sn in Snj jMogSe7 5(To=4.2K) decrease exponentially below

0.8Tc with 2A =4.5 and 3.6kgT, without and with the Hebel and



Slichter peak(coherence peak), respectiVely. For the former case,
the quasiparticle damping by the strong electron-phonon
interaction causes the suppression of the coherence peak just
below T.. In contrast, the steep decrease just below T, and the
power-law like T-dependence at low-T of 1/T; in HTSC cannot be
interpreted by the s-wave model, whatever the quasiparticle
damping is taken into account.

In the superconducting state, the rapid decrease of 1/T;
and K; of Cu in LSCO just below T, have commonly been observed
in whole doping level, verifying the existence of superconducting
phases with lower T.'s than 38K from a microscopic point of view.

In the lightly doped region, the behavior of a Ti=const. for
63cu NQR and the large value of ©3Cu NMR line width for x=0.10 at
low-T far below T, have been found. Furthermore, T, decreases
with decreasing 6 , becoming zero at x=0.05 when 6 is
extrapolated to zero. From these results, it is considered that
the antiferromagnetic(AF) spin fluctuations at considerably low
frequency(w ~ 0) is increased near the magnetic phase boundary.

In the over doped region, a gapless feature of
superconductivity was found from characteristic behaviors of a
TiT=const. relation and a presence of the residual spin Knight
shift of K|, increased upon hole doping at low-T far below T..
These behaviors of T; and Knight shift are pointed out to be
understood in terms of a d-wave model in which a finite residual
density of states associated with a pair breaking effect is taken
into account at the Fermi level. The origin of gapless state
should be attributed to the crystal structural instability from

orthorhombic to tetragonal phase upon hole doping.



Chapter 1. Introduction

In this chapter, we summarize the basic experimental results
on the physical properties of La system and Chevrel compounds,

and the purpose of our investigation.
1-1. Lag_xSrxCuOyg

Since the discovery of high-T. superconducting Ba-La-Cu-0
system by J.G. Bednortz and K.A. Muller in 1986,1) many
experimental and theoretical works have been carried out in order
to elucidate the mechanism of high-T¢ superconductivity. Among
them, there is a general consensus that the presence of two
dimensional CuOg plane is essential for the occurrence of high-T.
superconductivity. 1t has beeq established that the doped holes
destroying the antiferromagnetic(AF) order and causing the
superconductivity are predominantly oxygen-2p like rather than

Cu-3d like.
(1) Crystal Structure and Phase Diagram

The crystal structure of LSCO is shown in Fig.1-1-1. It has
layered perovskite structure of K9NiF4-type, in which only single
CuO9 plane exists. The Cu atom is surrounded by octahedral
oxygens and La(Sr) layers. LagCuO4 is an antiferromagnetic
insulator with the Néel temperature, Ty, of 240K and the ordered
moment of about 0.6y g caused. by a superexchange interaction
between Cu spins. The spin structure is shown in Fig.l—l—z.z)

By substituting divalent ions such as Sr (Ba, Ca etc.) into



the site of trivalent ions La, or by increasing the oxygen
content, holes are introduced into the CuOg plane. As seen in the
phase diagram for Lag_xSrxCuO4 of Fig.1-1-3,3) TN is quickly

suppressed by the hole doping.

With the substitution of about x=0.02,>the AF long range order is
destroyed completely, then the glass like phase appears at low-
T.4,5) With further hole doping, a superconducting phase appears
at around x=0.05, and the critical temperature, T,, attains a
broad maximum of 38K at around x=0.15. In further doped region,
the bulk superconductivity is suppressed and then transforms into
the metallic state.6,7)

The lattice constants at room temperature plotted against
the Sr content in (Laj_xSryg)oCu0s are shown in Fig.1-1-4.7) The
systematic change of the latticg parameters upon doping is seen
in the figure. It has been reported that any trace of line
broadening is not observed over the whole Sr content region, and
the orthorhombic to tetragonal transition occurs at around x=0.05

at room temperature.
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(2) Pysical Properties

One of the anomalous properties in HTSC is the T-dependence
of the electrical resistivity. The electrical resistivity changes
systematically with hole doping as shown in Fig.1—1—5.8) The
resistivity is fairly large and propofﬁional to temperature at
high-T below around x=0.075 in (Laj_xSrx)9oCuO4 as seen in the
figufe, suggesting that there exists another scattering mechanism
such as the spin fluctuations other than the ordinary scattering
process with phonons.

The T-dependence of a.c.xy of (Laj-xSrx)oCuO4 is shown in
Fig.1-1-6.7) Teo's can be determined from these results and the
resistivity measurements. Since the magnitude of the Melssner
signal is remarkably small at around x=0.03 and 0.125, the
presence of inevitable compositional inhomogeneity seems to make
the boundary obscure;

In Fig.1-1-7, the Hall coefficients of (Laj_xSrx)oCuO4 at 80
and 300K are shown against the Sr content, x.7) The positive Hall
coefficient decreases almost in inverse proportion to the Sr
content, i.e. 1/x, in the low Sr content region.

In Fig.1-1-8, the T-dependence of the bulk static magnetic
susceptibility, d.c.x , is shown for (Laj_xSrx)oCuO4.7) Ty=240K
for LagCuO4 is demonstrated by the presence of the peak in the T-
dependence of d.c.y . For superconducting LSCO, upon Sr content,
the values of d.c.y are increased. The anomalous behavior is

seen in the T-dependence of d.c.yxy .
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(3) NMR and NQR Measurements

NMR and NQR measurements have an advantage in obtaining the
information for the electronic state at each atomic site, which
is important for an investigation of the mechanism of
superconductivity.9) |

As seen in Fig.1-1-9, the nuclear spin-lattice relaxation‘
rate, i/Ty, of 63Cu NQR for x=0.15 in Lag_xSrxCuO4(LSCO) and that
in YBagCug07(YBCO7) decrease rapidly below T, while change
weakly upon temperature at high-T in the normal state.10) Imai
proposed that 1/T; followed a+bT, i.e. 1/Tq was proportional to
temperature at high-T in the normal state.ll) There exsists a
question for the intrinsic behavior of 1/T7 in the normal state.

Next the Knight shift of 63Ccu NMR in YBasCusz07,12)
Laq ,85Srp.15Cu0y4 13,14) and TlgBasCulga+y 15) are shown in Fig.1-
1-10. The Knight shift parallel to the c-axis, K” , for YBCO7 and
LSCO is almost T-independent with the same value of about 1.2% .
The anomaloﬁs behavior is seen in the T;dependence of the Knight
shift perpendicular to the c-axis, K; , of LSCO in the normal
state. The T-dependence of the Knight shift have not been
understood yet.

So far, there are lots of NMR and NQR works on 63cu, 170 and
89Y in YBagCugOg4+x(YBCOg.+x).9) The most characteristic feature is
that the T-dependence of (T1T)~1 of 89Y16) and 17017), 89(1yT)-1
and 17(TyT)~1, in the normal state are different from that of
63cu, 63(TyT)-1, although the hyperfine field at 0(2,3) sites in
the CuOg9 plane and Y site are dominated by the isotropic
transferred hyperfine interaction with nearest Cu planar spins.

Namely, 17.89(T1T)-1 are nearly constant above T., while



63(T1T)" 1 decreases with increasing temperature above T,. These
findings have attracted interest of many researchers. At the
present, the T-dependence of 63(T1T)-1 is understood as due to
the antiferromagnetic(AF) d-spin fluctuations among Cu spins.
While the T-dependence of 17,89(T{T)-1 are understood as due to
the geometrical cancellation of AF d—spin fluctuations at 0 and Y
sites.17’18) Hence the staggered component of the spin
fluctuations with the wave vector afound gq=Q at the zone
boundary, (z /a,z /a,0), 1is almost filtered at 0 and Y sites, so
that their nuclear spins see only the d-spin Tluctuations whose
wave vectorskare around g=0 at the zone center.

Millis et all9) analyzed the relaxation data of 63cu, 170
and 89y in YBCO7 by using a phenomenological model in which the
wave number dependent dynamical susceptibility, x (q,w ), 1is
represented in terms of the random phase approximation,
consisting of the g=0 and Q contributions. The main result is
that the T-dependence of (1/Tq1)afr around g=Q deduced from their
analysis has an overall form of T/(T+Tx) with Tx=100K above Tg,
associated with the T;dependence of the staggered susceptibility
at the zone boundary enhanced by the AF spin fluctuations among
Cu spins.

In general, since the Cu relaxation rate should involve the
information of the low energy part of x (q, w ) integrated over
the whole g-space, the contribution cannot simply be divided
into q=0 and Q parts. An important feature for YBCO7 is that the
g-dependence of Cu spin fluctuations possesses a rather broad
spectrum with a peak at the zone boundary of Q=(r /a,r /a,0) and
hence is not always dominated only by the q=Q contribution.

Therefore it cannot be justified whether or not the analysis for



YBCO7 by Millis et al is correct. And this seems to be related
to the fact that neutron diffraction experiments do not succeed
yet in observing the inelastic scattering at the zone boundary in
contrast to the results of Laz_XerCu04.3) It is considered that
the Cu relaxation rate of LSCO is largely enhanced in comparison
with that of YBCO7, reflecting a large contribution from gq=Q. In
Fig.l—l—ll; we illustrate schematically the different'q—
dependence of Cu spin fluctuations between YBCO and LSCO.20)

In order to clarify the mechanism for high-Tc
superconductivity, we have to know the microscopical feature in
the superconducting and normal state in HTSC. An intrinsic T-
dependence of Cu relaxation rate arising from the AF spin
fluctuations, i.e. the g=Q contribution, has not been clarified
yvyet, and to obtain this information is much better from LSCO than
from YBCO7 as mentioned above. In addition, the origins of Te-
variation upon x in LSCO is important in understanding the

mechanism for high-T, super- 5
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1-2. Chevrel Phase Superconductors

The Chevrel phase compounds, MpMogXg (m=1~ 4, M=Pb, Sn, TI,
Cu, Mn etc and X=S, Se etc),21l) constitute the rhombohedral
lattice with the lattice angle, a , of 89° ~ 91° and the Iattice
constant, a yh, of more than abouf 6.5& of large distance
compared with the intra cluster atomic distance as shown in
Fig.1-2-1.22) PbMogSg 23) and T1MogSe7.s 24) exhibit the highest
Te of ~ 12K in series of compounds, while T, of other compounds
ranges from 1K to 6K.23) The Chevrel compounds do not possess
high T., but have large upper critical field, Hcg, for example,
Heo2=500~ 600k0Oe in the case of M=Pb.23) It has been already
reported by Matsumura et al that T-dependence of 1/Tp of 119gn in
SnMog 5Seg with T,=2.85K is consistent with a BCS model, having a
Hebel and Slichter peak (coherence peak)25) just below T, as
shown in Fig.1-2-2.26) on the other hand, the 1/Tj of 20511 in
TlMogSeg with Ty=9K reported by Nishihara et al had no coherence
peak and the T-dependence of 1/T] showed power-law like behavior
of T6-9 in Fig.1-2-3.27) We measured 1/T; of 205T1 in TlMogSe7. s
with To=12.2K and 119Sn in Snj jMogSe7 s with Tc=4.2K once again
in order to elucidate the relaxation behavior in strong coupling
superconductor. -We discuss later the difference between the
behavior of 1/T; of Chevrel phase SC and that of High-T, cuprates

SC.

12
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Fig.1-2-1.

Crystal structure of MyMogXg (m=1~ 4, M=RE, Pb, Tl, Sn etc and
X=S8, Se etc).zz) Open circles show M ions, and cubes show the
blocks of MogXg, whose corner and center of planes include X and

Mo atoms, respectively.
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Chapter 2. Introduction to NQR and NMR

In this chapter, we summarize the basic theory for the
nuclear magnetic resonance(NMR) and nuclear quadrupole resonance
(NQR) techniques, including the T-dependence of the nuclear spin-
lattice relaxation time, Tj, and thé Knight shift, K, in the

normal and superconducing state.
2-1. Hyperfine Interaction28)

In general, there are basically two types of hyperfine
interactions between nucleus and electron. One is that of nuclear
spin with electron spin and orbital angular momentum of electron
(hereafter, we call it magnetic hyperfine interaction), and the
other is between a nuclear electric quadrupole moment and
electric field gradient when the nuclear spin.is more than 1/2
(electric quadrupole interaction).

The hyperfine interaction between the nuclear spin, 1 , and

the electronic spin, S , may be expressed as
H =1-A-S (2-1)

where A 1is a hyperfine interaction tensor consisting of such
contributions as the Fermi contact ( ) 0, isotropic), dipole
(anisotropic) and core polarization (isotropic) interactions. The
Fermi contact interaction originated from the direct contact of a
nuclear spin with s-electron spins, whose wave function has a

finite amplitude at the nuclear site, is written as

16



%763711{121 - 86 (r) (2-2)

where 7 o and 7 , are the electro- and nuclear gyromagnetic
ratio, respectively, and © is 1/2z times the Planck constant.
The magnetic dipole interactioh between the electron spin and the

nuclear spin is given by

2 . :
_x e;’gn'h ry.s- 30U r;‘)(S r), (2-3)

where r is the vector from the nucleus toc the electron. The core
polarization interaction29) caused via the Fermi contact
interaction by the unbalance of the up and down spins of inner s-
shells, which is induced by the exchange field of an unpaired

spin in outer non-s orbitals, is written as

B v ern®? s (1ot @12 =163 (12 1-5 (2-4)
1

&here ¢ iT »¥ (r) are the wave function of the closed s-electrons
with the up and down spins, respectively. The hyperfine field
induced on a nuclear spin by this interaction is antiparallel to
the direction of the magnetization of d- and f-spins and the
external magnetic field, i.e. the value of A 1is negative.

The orbital hyperfine interactiom between the orbital
angular momentum, i1 , of electron and the nuclear spin is

expressed as

2 7 e7r1ﬁ2
r3

1 - I . (2-5)

The Hamiltonian of electric quadrupole interaction, H q,

17



between a nuclear electric quadrupole moment, eQ , and the

electric field gradient(EFG), eq , originated from a non-s

electron when the nuclear spin, I , is more than 1/2, is given by
e2qQ

= —S 9% 2 _ -
HQ = 17311 [ 314 I(I+1)] . | (2-86)

Here the quantum axis of the electric field gradient is z-axis,
and the asymmetry parameter, 7n , of the electric field gradient
tensor producing an additional contribution is neglected for

simplicity.

i8



2-2. Knight Shift, K

In general, the Hamiltonian for the nuclear spins under an

external magnetic field, Hgxt, may be expressed as
H =—7nﬁI'Hext—7n/ﬁ.I'Hloc+HQ (2"7)

where Hjge is the internal magnetic field at the nuclear site
induced by electrons. The first, second and third terms are
originated from the interaction between nuclei and external
magnetic field(Zeeman interaction), H ,, the magnetic hyperfine
interaction and the electric quadrupole interaction,
respectively.

When H z >> H g under the external magnetic field applied
perpendicular to the principal axis of the EFG tensor, the energy
level for I=3/2 is shown in Fig.2-1. In the case of a nuclear
spin at a site with cubic symmetry, i.e. eq =0, a single nuclear
magnetic resonance(NMR) spectrum is observed as shown in Fig.2-
1(a), because of the equal splitting among nuclear energy levels.
When the symmetry is not cubic, H Q exists, resulting in the
three resonance lines with the 1/2 « -1/2 central transition and
+ 1/2 « + 3/2 satellite transitioné as shown in Fig.2-1(b).
Furthermore, the central line has an additional shift under the
Hext pPerpendicular to the principal axis of the EFG tensor as
shown in Fig.2-1(c). On the other hand, when the external
magnetic field is applied parallel to the principal axis of the
EFG tensor, the central line position is not influenced by the
second order effect. When H =0, the energy level for I=3/2 is

shown in Fig.2-2. In this case, a single nuclear quadrupole
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resonance (NQR) spectrum exists.

In the paramagnetic state, the average value of the spin and
orbital angular momentum, <S > and <1 >, parallel to the
direction of Hypeg at the thermal equilibrium appear under H,. The

magnetic susceptibility, x o, may be expressed as

X o(T) = x gpin(T) *+ X orb * % dia (2-8a)
when

x spin(T) = (-gu B <S > N)/ Hresg (2-8b)
and

X orb = (-# B <1 > N)/ Hreg _ (2-8c)

where ¥ gpin. X orb and x gjg represent the spin, orbital(Van
Vleck) and diamagnetic susceptibility in the unit of one mole
(c.g.s. per atom), respectively, and N, g and gz g indicate the
Avogadro number, g-factor(=2 for electron) and Bohr magneton,
respectively. On the other hand, the Hamiltonian of eq.(2-7) can

be expressed as

H = -7nh I -Hes = -7ph I+ (Hext + Hioe) (2-9a)

when

Hres=Hext~- [§F7 gh<s >¢ (r)- I;§§ {<s >_3r(<Sr;' r)} . 22 gﬁ <1 >]
(2-9b)

where H @ is neglected for simplicity. The additional term other

than Hegxt causes a shift of the resonance frequency from

w o = 7 n Hext (2-10)
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to a different frequency, o reg. This effect is called the Knight

shift, K, i.e.

K = (0 pes - wo)/w o = (Hext - Hres)/Hres- (2-11)
The Knight shift, K, as well as x o may be expressed as

K(T) = Kgpin(T) + Korb + Kdia (2-12)

Thus the relation between K and the magnetic susceptibility can

be expressed as

A .
spin
Kspin(T) = N up X spin(T) (2-13a)
and A
orb
Korb = y=, 5 * orb (2-13b)

where spin and orb represent the contribution of spin and orbital
susceptibility, respectively. Here we neglected the diamagnetic
shift, Kqja, because it has generally by one order of magnitude
smaller than the other ones. Thus the measurements of NMR shifts
yield the information on the local magnetic susceptibility. If
the T-dependence of x o is known, the magnetic hyperfine coupling
tensor (hyperfine field), A , can be determined from the slope of
K-x plot by use of eq.(2-12b), because x orp and x gja are
generally T-independent.39) In ordinary d-band metals, the
isotropic part of A 1is negative.30) On the other hand, in HTSC,
the interaction between the nuclear spin and the electron spin at
the nearest neighbor siteé (supertransferred hyperfine

interaction) is also important.
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Fig.2-1.

Energy level diagram for a Cu nuclear spin, I =3/2, under the
external magnetic field, H,, perpendicular to the principal axis
of the electric field gradient(EFG). (a)Without the electric
quadrupole interaction, (b)with first order electric quadrupole
interaction, (c)with first and second order electric gquadrupole
interaction, where v Q=3e2qQ/ZI(21—1)ﬁ. When Hp is applied
parallel to the principal axis of EFG, v /2 and 3v Q2/16u o in
(b) and (c¢) are replaced by v Q and O, respectively. The sketch
of expected NMR field swept spectra are shown in the lower pamnel.

wQ
Fig.2-2.
Left; Energy level diagram for 1 =3/2 under an electric field
gradient, eq , {eq >0 and eQ <0 are assumed). Right; Expected NQR
spectrum. Here how o=(e2qQ)/2.
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2-3. K in Superconducting State

In BCS state, only the excited quasi-particles contribute to
X spin because the Cooper pairs forming the'spin singlet state
with up- and down-spins do not contfibute to it. The spin

susceptibility in the superconducting state, y g, is given by
- - 2 af -
X s 4 1 B fo Ng(E) dE dE (2-14)

where the density of states in the BCS state, Ng(E), as seen in

Fig.2-3(a) is expressed as

No E
(2 - A 2H1/2 7"

Ng (E) (Ez A)

(2-15)
=0 , (E < A)

at the excited quasi-particles energy, E, in the superconducting
state, and N, and 2A are the density of states in the normal

State and the energy gap, respectively. Here E is given by
B2 = : 2+ A2, - (2-18)

where ¢ (=2 ¥ - & ) is the energy of a single electron measured
from the Fermi energy, z g, and the Fermi-Dirac distribution

function, f(E), is expressed as

1
TE) = ol e/ kgT ) + 1 ° (2-17)

This result was presented by Yosida,35) and consistent with the
result of the Knight shift of alminum36) as seen in Fig.2-4. For

A (T) >> kgT at 1low-T(T << Tqo), f(E) is nearly exponential and
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rapidly varies for E= A . Since only the state near the gap
threshold is appreciably populated, Kgpip decreases exponentially
with decreasing temperature as Kgpin~ exp(-A /kpT) as seen in
Fig.2-5.

Next when the Cooper pair is in the triplet state, there
exist two types of the BW(Balian—Werfhamer)41) state having an
isotropic gap, and the ABM(Anderson-Brinkman—Morel)42) and polar
state kaving anisotropic gaps. In the BW state, the Cooper pairs
are composed of (k?t ,-kt ), (kt ,-k{ ) and (k! ,-ki ). In this
case, for the Cooper pair with parallel spins, whose direction is
easily changed under the magnetic field as well as in the normal
state, x gpin is decreased to 1/3 times of the singlet state at
T=0K. T-dependence of x gpin in the superconducting state is
similar to the BCS state as seen in Fig.2-5. In the ABM and polar
states,the Cooper pairs are composed of (kt ,-kt ) and(ki ,-ki ).
Thus x gpin is not decreased below T¢.

In the spin singlet state having an anisotropic gap, i.e. d-
wave state with approximate polar and ABM typs of density of
states as in the p-wave state, x g are almost proportional to T
and T2 at low-T, respectively, as seen in Fig.2-6, because they
are proportional to E and E2Z, respectively, as mentioned in

section 2-5.
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Fig.2-3.
Densities of states for (a)

model and (c) polar(p-wave)

BCS(s-wave) model,

model.

(B) ABM{(p-wave)

1.0}~
0.8~
X, 0.6
Xn
0.4t~
0.2\
0 02

Fig.2-4.

X s/%p Vs T/Te plot of A1.36) The solid line is calculated by

using of Yosida function.35)
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- triplet
ABM, polar

T/Tc

Fig.2-5.

X g/x n vs T/Te plot for BCS(s-wave) model, ABM, polar and BW
(p-wave) model calculated by using the densities of states in
Fig.2-3 and 2A =3.52kgTe.

singlet .

Fig.2-6. -
X s/ n vs T/Tq plot
for BCS(s-wave) model

Xs
xn

and d-wave model
- polar

tentatively calculated —_—
0.5F
of states in Fig.2-3 ABM BCS
and 2A =3.52kpT.. Here -
for d-wave model, L

by using the densities

approximate polar and
ABM types of density

of states as in the p- 0 05 1
wave state are assumed. T/Tc
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2-4. Nuclear Spin-lattice Relaxation Time, Tq

The population of the nuclear spins at various energy levels
at the thermal equilibrium is proportional to the Boltzmann
factor, yielding a net nuclear moment, M,, as shown in Fig.2-
7(a). When the upper and lower enérgy leveles are equally
occupied, the nuclear magnetization disappears. Since the nuclear
spin system interacts with the thermal bath of the lattice
through hyperfine interaction, the initial thermal equilibrium
will be recovered. Thus, from the measurement of the time
constant of the recovery called the nuclear spin-lattice
relaxation time, Ty, we can probe the electronic state.

The time evolution of the nuclear moment after saturation,
M(t), can be described by a set of standard rate equations. The
equations are readily solved under the specific initial condition
to the experiment as shown by Narath.31,32) When the nuclear spin
moment I is 3/2, the magnetization after the saturation pulses,

M(t), is expressed as

M(t)=My{l-exp(-3t/Ty1)} (2-18a)
for the NQR and

M(t)=Mo[1-{0.1 exp(-t/T7) + 0.9 exp(-6t/Tq1)}] (2-18b)
for the NMR of the central transition, respectively. In these
expressions, Ty is defined as the inverse of twice the transition
probability, W, fundamental relaxation rate in accordance with

various theoretical treatment, i.e. 1/T1=2W.
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The general expression of 1/T; presented by Moriya40) can be
written with using the imaginary part of the dynamical spin
susceptibility perpendicular to the quantum axis, xy ;| ” (q,w ),

as

”

2
17y = 220 KBL 5 4 2L’ (o) (2-19)

(r H)2 a @

where Ky, 7 n, 7 ¢ and w are the Boltzmann constant, nuclear-,
electro-gyromagnetic ratios and nuclear Larmor frequency,
respectively.
When the interactionvamong electrons is neglected, 1/Ty 1is
expressed as
z

/Ty = g A 21:: N2(e ) f(e ) {1-f(e )} de . (2-20a)

Since f(e ){1-f(e )} is nearly equal to kgTé (e x~¢ F), the above

equation yields

1/T1 = (z / H) A2 N2(¢ p) kgT. (2-20b)
Thus, 1/Tq1 is proportional to temperature and N2(¢& F). Since the
Knight shift is also proportional to the density of states, the

following relation called the Korringa relation holds.33)

T1TK2 = (7 o/7 p)2(H/47 kg) = const. (2-21)
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Fig.2-7.

(a) A two level-nuclear spin system in the thermal equilibrium.
(b) The state of saturation, in which no net nuclear
magnetization exists. Note that the figure (a) is extremely
exaggerated. In the T-region above 4.2 K, the energy separation
between nuclear spin levels is by several orders of magnitude
smaller than kgT. Therefore the nuclear spin system may be
treated in a high-T approximation.

29



2-5. Tp in Superconducting State34)

In the BCS state, the conduction electrons condense into a
pairwise occupation of the Bloch state, | kt ) , and whose
virtual pair, | -k{ ) . This coherence effect puts limitation on
scattering processes, and alters thé number of excited state
electrons available for scattering. In nuclear magnetic
relaxation, the perturbation described by the transitional
probability for scattering is not time-reversal invariant. The
coherence factor in the superconducting state found by Hebel and
Slichter25) multiplies the transition rate in the normal state as

P2
EE’

c (E,E") 1. (2-22)

Here E and E'(= E + hw ) represent the energy of excited electron
for an initial state, | i) , and for a final state, | f) ,
respectively. In the result, the appropriate generalization of

1/T1 is extended from eq.(2-20a) as
Asz{ Ne2(E) + Mg2(E) } £(E){1-f(E)} dE (2-23)

where the normal density of states in BCS state, Ng(E), is given
by eq.(2-15), and what called the anormalous density of states,
Mg(E), is given by

N, A
( E2 - n2)1/2

I
&
v
D

Mg (E)
(2-24)

Mg(E) comes from the coherence effect. The integral diverges
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logarithmically at E=A . When A (T)>>kgT at low-T(T<<T.), f(E) is
nearly exponential and rapidly varies for E= A . Since only the
state near the gap threshold is appreciably populated, 1/T;
decreases exponentially with decreasing temperature as 1/T1~
exp(-A /kgT). When A (T)<<kpgT near T., Since the states is
uniformly populated because of the lafge f(E), 1/T1 has a peak,
so called Hebél and Slichter peak or coherence peak, increased
over the value at T,. The typical behavior of T-dependence of
1/T1 of 27A1 in the superconducting state is consistent with that
caluculated with using eq.(2-23) as seen in Fig.2—8;37)

In the anisotropic condensed state, Ng(E) can be written as

No E 27 .z sind dé dg¢
w - =20 = _
Ns(u) 4 z J‘O J‘O {EZ _ AZ(G ’¢ )}1/2 ’ (2 25)

where integral is extended over the spherical region from eq. (2-
15). For orbital angular momentum 1 =0, A (8 ,¢ )=A =const., such
that the corresponding spectrum has a gap of 2A . Since, for
1 #0, N (6 ,¢ ) can vanish on poins or lines, a reduction of the
density of states near the Fermi level becomes weaker than that
for a isotropic superconducting gap.

When the Cooper pair 1is in the triplet equal-spin pairing,
p-wave state, the Cooper pairs are composed of (kt ,-kt ) and
(ki ,-k! ). In this case, the coherence factor vanishes. For the

axial-state(ABM) model for 1| =1 triplet pairing,

AN{6 ,¢ ) = A sing , (2-26)

as shown in Fig.2-9(a). Therefore
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NoE 27 .7 sind dé d¢

Ns(B) = 02 % o (B2 - A2sinZg )1/2
_ NgE E + A )
“on WlgTal (2-27)

Thus 1/Tq is expressed as
2n 2
_ m kgTA®No® «© o E + A 2, d4f ' _
1/T1 —— J,p B g1 1 12 gl dE (2-28)
In the low-T limit, where E/A — 0, Ng(E)=Ngo(E/A )2. Thus,

‘1/T1 ~ T (E/T)4 exp(- E/kgT) d(E/T)

Therefore 1/Ty is proportional to TS at low-T. For the polar-

state model with ! =1 triplet pairing,
AN (0 ,96) = A coséb (2-29)

as shown in Fig.2-9(b). Therefor,

Ne (E) NoE J.27: /4 sinfg d6 d¢
S
47 o "o (EZ _ Agcosze )1/2

_ & NoE (E < A)

- ’

20 (2-30)
=-N-Q§—sin“1§— . (E > A)

Thus 1/Tq is expressed as

T A2

1/T1 = —¢ T3 f(EY{1 -~ f(E)} d(%—) . (2-31)

Ng2(E)
2
Since f(E) is a function of E/T, and (NS(E)/T)2 proportional to
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propotional to T3 at low-T. The density of states for (b) axial
(ABM) state and (c) polar state are shown in Fig.2-3.

The order parameter of d-wave pairing A (6 ,¢ ) is more
complicated than that for p-wave paring, being zero on the lines
and poins at the Fermi surface. The order parameter of d-wave

pairing in cubic and hexagonal symmetry are, for example,

Al ,6) = (A/2){(8cos?6 -1) + i (31/2 5in26 cos2¢ )}
o (2-32)
Ap(6 ,¢6) = 2A cos6 sind el? |

respectively.38) When the Cooper pair is d-wave pairing, the pair
is singlet. However the coherence factor, C (8 ¢ )}, is vanished
because that §f A (6 ,¢ )sinf d9 d¢ =0. As well as in the p-wave
sate, the divergence of the density of states at E=A is weak,
resulting in the weak enhancement of 1/T; just below T.. The
density of states, Ne and Np, in d-wave pairing are similar to
those for p-wave pairing, being proportional to Ez(i.e. 1/T1~T5
at low~T) and E(i.e. 1/T1~T3 at low-T), respectively, as shown
in Fig.2-10.39) Thus the power-law like T-dependence of 1/T{ is
understood for the models with anisotropic gap. If Kspin 1s
decreased below T, and 1/T{ shows the power-law like T-

dependence, the d-wave model becomes plausible.
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Fig.2-9
Superconducting gap formation for (a) ABM(p-wave) model (b) polar
(p-wave) model. 1 and k are the orbital angular momentum of

Cooper pair and the wave vector of electron.
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Fig.2-10

Densities of states for
d-wave model in cubic
(N¢) and hexagonal(Np)
symmetry.39)
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Chapter 3. Experimental Procedure
3-1. Sample Preparation
(1) Lag_xSrxCuOg4

The samples of Lag_xSrxCuO4 were prepared by the standard
solid state reaction as following. Adequate quantities of LapOg,
SrCO03 and CuO with 99.99% purities were mixed with each other.
Powder was pelletized and reacted firstly in air at 900°C for one
day. Then the reacted pellet was ground, pressed into pellet,
reacted in air at 1100°C for two days and annealed at 600°C for
one day. After that the same process was repecated at least once.
In addition, the NQR spectrum of Cu at 4.2K and T, for x=0.24
with repeating five times of the reaction at 1100°C and those
with repeating one time were the same.

The sample was well ground, so that each grain was smaller
than 20z m in diameter, in order to reduce the Meissner shielding
effect below T,. The sample was packed in a cylindrical case made
of paper, whose diameter and length are approximately 7mm and
20mm, respectively. The sample case was covered by teflon tape to
keep the powder samples free from moistufe.

To's were determined for each x as 5(x=0.05), 10(0.06),
20(0.075), 24(0.08), 30(0.1), 31(0.12), 36(0.13), 38(0.15),
35(0.17), 29(0.20), 24(0.22) 18(0.24), 10(0.26) and 0K(0.30),
respectively, by ac susceptibility measurement. Here T, 1is

defined as the temperature at which the diamagnetization appears.
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(2) Chevrel Compounds

The good samples of Chevrel compounds were made by Ohtani
and Nakabori in Okayama University of Science. Sn Chevrel phase
compound was prepared as follows. Adequate quantities of Sn, Mo
and Se were mixed with each other, séaled into quartz tube in
vacuum and reacted firstly at 800°C for a week. Then the reacted
powder was pressed into pellet, sealed into quartz tube in vacuum
and finally reacted at 1000°C for a week. The sample of T1
compound was prepared by solid state reaction following the
procedure reported elsewhere,24) and in addition, the final
reaction was made at 520°C for six weeks. The samples were
confirmed to be approximately in a single phase by x-ray
measurement. T, was defined as the temperature where the
diamagnetism appears. T, of Tl and Sn compounds used in our
experiment are 12.2K and 4.2K, respectively, the former being
consistent with the value reported by Tarascon et al24). Te of
our samples are higher than T =9K (Tl compound)27) and To=2.85K
(Sn compound)26) used in the previous NMR measurements. It is
considered that the volume df impurity phase (for example MoSej

and MogSesg etc) is smaller than previous ones.
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3-2. NQR and NMR Measurements

The 63cu NQR experiment was performed in zero field and the
T-region of 1.3~ 300K by using a phase-coherent-pulsed NMR
spectrometer. The NQR frequency spectra for LSCO were obtained by
measuring the integral of the echo area as a function of
frequency point by point at 4.2 and 77K. The sensitivity of the
spectrometer was almost constant in the frequency region.in this
experiment. We did not perform the intensity correction of the
spin echo dicay time, Tg, for raw data. We expect that the
spectrum is not changed by Tg-correction because the interval
between 90° - 180 ° pulses, t , 1is short of 12x sec.

The field-swept 83Cu NMR spectra were obtained by recording
the output of a boxcar integrator in the T-region of 1.3~ 280K at
frequency of 125.1MHz by using a phase-coherent-pulsed NMR
spectrometer. The external magnetic field was applied by use of a
superconducting solenoid, whose maximum field is approximately
12T at 4.2K. In order to obtain the sharp resonance line, we used
the aligned powder samples along the c-axis, following a method
used by Ferrell et al.43) The powder was well ground smaller than
20 m in diameter. The resulting sample with an approximate
volume fraction of 0.3 was stirred in an organic polymer whose
melting point was 50°C , and after melted, the mixture was

solidified by quenching down to 77K in a magnetic field of 11T.
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3-3. Tq1 Measurement
(1) 63cu NQR in Lag_xSrxCu04q

Ty, of 83Cu NQR was measured with the saturation recovery
method in zero field and in the T—region of 1.3~ 300K. The echo
signal was averaged by using a digital memory, and the intensity
was recorded by integrating the echo around its peak. The
observed recovery of the nuclear magnetization, M(t), was fitted
to the theoretical equatiohs by utilizing a least square method.

For example, the nuclear relaxation behavior for x=0.10,
0.13 and 0.15 is expressed by a unique T; above around 40, 60 and
70K, respectively, while below these temperatures, multi-
exponential behaviors appear in the relaxation. Typical behaviors

for x=0.15 are shown in Fig.3—1.20) Here
m(t) = [M(e ) - M(t)] / M( ) = exp(-3t/Tq)

for eq.(2-18a) is plotted against t, where M(t) is the nuclear
magnetization at time, t, after the saturating pulses. The
distribution of T in this system is considered to be due to an
inevitable effect caused by the random mixture of La and Sr. When
the relaxation behavior is not simple exponential, there remains
an ambiguity in determining T;. At low-T, the long component of
Ty is more reliably determined because of the improvement of
signal to noise ratio. In order to see the overall T-dependence
of Ty over the wide T-region,. we adopt the value tentatively
obtained froh the slope where m(t) decreases from 100 to 37%

(down to 1/e) of the initial value(so called T;g), from 30 to 10%
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(so called Tq) and from 10 to 5%(so called Tj), respectively.
(2) 205T1 and 119sp NMR in Chevrel Compounds

Ty of 119Sn in Snj 1MogSe7 5 was measured at the frequency
of 9.8MHz in the magnetic field of 6.1k0e in the T-region of 1.3~
12K by using a phase-coherent-pulsed NMR spectrometer. Tp of
205T1 in TlMogSey 5 was measured at 8.7 and 17MHz in 3.5 and
6.9k0e, respectively, in the T-region of 1.5~ 80K. The nuclear
relaxation behavior for 119sn is expressed by a unique Tj over
whole T-region. However, for those of 205T1, multi-exponential

behaviors appear below around 3K. The detail will be discussed in

Chapter 4.
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Fig.3-1.

Relaxation curves of the nuclear magnetization of ©3Cu NQR at 20
and 90K for x=0.15 in Lag_xSrxCu04.20) Here m(t) = [M(w )-M(t)]
/M(o )} are plotted against time, t, after the saturating pulses,
where M(t) 1s the nuclear magnetization at t. There appears an
apprecisable distribution of T; below T..
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Chapter 4. Experimental Results
4-1. Cu NQR Spectrum in Lag_xSrxCuO4

Figure 4-1-1 shows the Cu NQR spectra at 4.2K for x=0.10~
0.30 in Lagp_xSrxCuO4. Cu has two isotopes 63Cu and 65Cu with the
nuclear spin I=3/2. The ratios of their natural abundances,
63a4/65A, and their quadrupole moments, 863Q/65Q, are 2.235 and
1.081, respectively. For x=0.10, the ratios of intensities,
631nt./65Int., and the resonance frequencies, 63, Q/65u Qs are
consistent with 63A/65A and 63Q/65Q, respectively. Therefore the
frequency on the central peaks of each spectrum corresponds
directly to the NQR frequency, v q, for 63Cu. The frequency on
the left side peaks corfesponds to v g for 65Cu.

Fig.4-1-2 shows the central 63cu NQR spectra at 77K for
x=0.075~ 0.15.20) As seen in Fié.4—1—1 and -2, the full width at
half maximum of the intensity, FWHM, for each spectrum having
almost the same value of about 2.2MHz is not remarkably changed
against the Sr content and the temperature at 4.2 and 77K, which
is by one order of magnitude larger than about 0.22MHz for
YBagCus07 72). This large width is expected to be due to the
microscopic distribution of Sr content in LSCO. A reliable
estimation for the T-dependence of v g is difficult because of
the large width and the poor signal to noise ratio. The T-
variation of v g for x=0.10~ 0.15 is expected to be less than
0.2MHz between 4.2 and 77K.

As seen in Fig.4-1-1, there exists another 63Cu NQR line on
the right side.44,45) The 63Ccu NQR line for set B does not exist

for x=0.10. The intensity of set B is increased upon x from
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around x=0.125 (i.e. 1/8) as shown in Fig.4-1-1. As seen in
Fig.1-1-1, the Cu site has eight nearest neighbor La or Sr ions
in the present system. thus, for x=0.125, one La ion in eight
nearest neighbor La sites around Cu site is substituted by a Sr
ion.

v q for 63cu is shown against Sr content, x, in Fig.4-1-3.
v q for 63Cu of set A is increased linearly from 33.9 to 38MHz
with increasing x from 0.075 to 0.30 at 4.2 and 77K. On the
other hand, v q for 63Ccu of set B is not increased largely upon
X. In non-superconducting samples with x more than 0.30
transformed from the orthorhombic to the tetragonal structure,
only the NQR line corresponding to set B exists,45) therefore the
structure for Cu with the NQR line of set B may be the tetragonal

like structure.
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4-2. T7 of 63Cu NQR in Lag_xSrxCuO4 in Normal State

Tq1 was mainly measured at the frequency for 63Cu of set A
({central peak of each spectrum) as shown in Fig.4-1-1. Fig.4-2-1
shows an overall T-dependence of 1/T; of ©3Cu for x=0.075~ 0.24,
together with the data of YBCO (T¢=92K).20.46,51,57) 1/T; for
x=0.075 could only be measured above 77K because of the poor
signal to noise ratio due to a quite short spin echo decay time,
T2, below 77K. As seen in the figure, 1/Tq is significantly
enhanced and then the T-dependence becomes weaker with decreasing
Sr content and tends to be saturated with increasing temperature.
Below around 100K, 1/T{ begins to decrease appreciably and
approaches a linear T-dependence near T., i.e. T{T=constant.

So far, there have been many efforts to explain the unusual
Cu relaxation behavior associated with the development of AF spin
correlation.19,47~ 49) However, it is still now difficult to
argue which proposal is best at present. A most important point
to be stressed is that (T{1T)"l is related to the stéggered
susceptibility, x @(T), at the zone boundary, Q=(z /a,r /a), in
the square lattice in the framework of a model based on either
strongl9,50) or weak48) correlation limit. Both models assume
commonly a presence of a large enhancement of the gq-dependent
susceptibility at the zone boundary.

In order to see the systematic variation of (TlT)"1 related
to x Q(T) against hole concentration, the T-dependence of (TlT)“1
is shown in Fig.4-2-2.20,46.51) (T;T)-1 with an extremely
enhanced value than that for the nmormal Fermi liquid [(T1T) 1~
1sec™1K~1] increases with decreasing temperature and approaches

almost a constant value in the T-region near T,. Fig.4-2-3 shows
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m(t) plotted against tT.20) The points fall approximately on a
curve within an experimental scattering although m(t) is not
simple exponential. This indicates that all the components of Tq
follow T1T=const. relation in the narrow T-region of 40~ 55K for
X=0.15 and 32~ 43K for x=0.10.

As seen in Fig.4-2-2, the strong T—dependence of (TlT)‘1 in
higher T-region reminds us of the CurieQWeiss’law of the
susceptibility. As a matter of fact, we have experimentally a

relation of

T{T = (T + 6) / AC, (4-1)
as shown in Fig.4-2-4 20,46,51) ang hence

(TiT)"L =AC/ (T+6). (4-2)

where A is proportional to the square of the hyperfine field Anht
and the gyromagnetic ratio 63y y for 83Ccu. It should be noted
that Apr2 is described by the term of (A, -4B)2 since Cu spin
fluctuations in LSCO is antiferromagnetically coupled among four
nearest neighbor Cu spins.}Here A, and B are the on-site
hyperfine field perpendicular to the c-axis and the isotropic
supertransferred hyperfine field, respectively. We suppose that
this T-dependence is associated with the Curie-Weiss law of the

staggered susceptibility, x Q(T), namely
x Q(T) =C/ (T + 6 ). (4-3)
This behavior is also seen in another HTSC as show in Fig.4-2-5.
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20,46,51,868)

The remarkable feature is that the Weiss temperature, 8 , is
linearly extrapolated to OK for x=0.05 with decreasing Sr content
as shown in Fig.4-2-6, in which T, and the Neel temperature, Ty,
are also shown.20,46,51) In contrast to the linear increase of 6
with increasing Sr content, the slope C, increases slightly. In
addition, the nuclear relaxation behavior for Lag_xSrxCuOyh
expressed by a multi-exponential caused by the distribution of T1
occurs below around the Weiss temperature; g .46,57)

Here, we compare our result with the theory. Recently,
Moriya et al. have extended the SCR theory of a weakly or nearly
AF metal to the two-dimensional system. The T-linear increase of
the resistivity has been interpreted reasonably.48) 1In
particular, it is surprising that the T-dependence of T;T in
Fig.4-2-4, which is inversely‘proportional to x Q(T), is quite
similar to the calculated results of 1/x (T).

On the other hand, it has been proposed that 1/T; of Cu in
high-T. materials such as YBagCug0O7, YBagCus0g.5, LaBasCusz0g. g
and Laj gsSrg, 15Cu04 are better fitted by a form of 1/Tq = a + bT
in the higher T-region than around 150K.11) Furthermore, the
second term, bT, for YBagCug07 has quantitatively been estimated
by using the value of (TyT)~1 for 170, 17) which is supposed to
reflect mainly the d-spin fluctuations around the zone center
(g=0) due to the geometrical cancellation of AF spin
correlation.11,18.19) However differently from the fit of 1/Ty =
a + bT proposed by Imai,ll) we have found the experimental
relation of (T1T)~1 = AC/(T+6.) for whole x in Lag_xSrxCuOy4 as
seen in Fig.4-2-4. As a matter of fact, we have confirmed that

1/T7 for the compounds with x=0.15 reported by Imai is well
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fitted by a formula of C/(T+6 ) with 6 ~ 100K as well. Here the
different 6 from our value may be attributed to the slight
different Sr content from our samplé. Thus, as far as the
relaxation behavior in LSCO is concerned, it is extracted from a
experimental point of view that (TyT) ! obeys a Curie-Weiss law
like T-dependence , i.e. C/(T+6 ), déviates from this relation
below ¢ and approaches to a nearly constant value. In addition,
we tried to estimate a gq=0 contribution to the relaxation rate
in LSCO, 63(TlT)O“l. Although it is not clear whether or not
there is a physical justification in a procedure to divide 1/T;
into two contributions from q=0 and g=Q for LSCO, by using
(T1T)~1 of 170 for CuOs plane in Laj gsSrg.15Cu04,52) 63(TyT)o1
was estimated to be 1.3sec”1K~1l as well as in the case of YBCO.
With decreasing Sr content, 83(T1T)p~l is expected to decrease
further because the measured spin susceptibility, x (g=0),
which is proportional to 63(’1‘1T)0‘l reduces. As compared with the
observed values of 63(T1T)-1 in Fig.4-2-2, 63(T{T)p~1 is by one
order of magnitude smaller than those of ©3(T{T) 1l for LSCO. As
the result, the T-dependence of ©63(TiT)"1 - 83(TyT)"1 is not
largly changed. Apparently, it is evident that (T1T)-1 of 63Cu in
Lags_xSrxCuO4 in the vicinity of the magnetic phase boundary is
largely dominated by the spin fluctuations around the zone

boundary, q=Q.
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for both compounds.
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experimentally for another HTSC.

is also deduced
Here (TlT)J_ is the T31T
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field.
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4-3. T1 of 63Cu NQR in Lag_xSrxCuO4 in Superconducting State

Next, we show the results of the T-dependence of Tq1 in

superconducting state.
(1) Lightly Doped Region for x< 0.15

1/T1(=2W) of 63Cu for x=0.075(C ), 0.10(0) and 0.15(@ ) in
Lag_xSrxCu04 is plotted in Fig.4;3—1.20’46v57) Tig and Ty, are
also shown in the figure by marks A, Aand V , ¥, respectively,
to show the region of distribution of Tq below T,.. As a
comparison, the result for YBa20u307(C))55) is also shown. 1/T3
of 63Cu in LSCO is considerably larger than that in YBCO both
above and below T,. Although the distribution of T; increases
with decreasing temperature below T, all the components of 1/T;
are confirméd to decrease below T, which indicates that there is
no normal part in the sample and no significant distribution of
Te.

In order to emphasize the characteristic feature below Tg.,
the T-dependence of 1/T{ normalized by the value at T, for
x=0.10(] ) and 0.15(@ ) in Léz_XSrXCuO4 and YBasCusz07(Q )5%) is
plotted against T/T, in Fig.4—3—2.20) As seen in the figure, the
behavior of rapid reduction of 1/T; from T, down to 0.8T, is
independent of Sr content and T.. This reduction behavior is a
common feature not only observed in the Cu relaxation of CuOg
plane13) as shown in Fig.4-3-3 but also in the relaxation of
17017) and 89v16) in YBCO. Accordingly, it is evident that the
same mechanism works in the relaxation process just below T,

which cannot be interpreted by the conventional BCS model .25)
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Here it should be emphasized that the terminology of BCS model is
used in a usual sense that the isotropic energy gap is opened at
the Fermi level below T,, which causes the enhancement of 1/T;
just below Tg.

In Fig.4-3-2, with further decreasing temperatﬁre, 1/Tq of
LSCO deviates from a steep decrease and tends to be saturated at
lower temperature. The saturated value increases with decreasing
Sr content, which cannot be attributed to trivial impurities. The
saturated parts could be caused by a localized nature of Cu d-

spins with decreasing hole content.20,46,57)
(2) Over Doped Region for x= 0.15

Figure 4-3-4 shows the T-dependence of 1/Tj(=2W) of 63Cu for
x=0.15(@ ), 0.20(0]), 0.22(A ) and 0.24(M ) in Lag_xSrxCuOg
46,57) together with that of YBaZCu307(C))55) in zero field.
46,57) In the normal state, the T-region where T1T=const,
relation holds above T, extends toward over doped
region.46’56v57) In order to emphasize the characteristic feature
below T, as well as the lightly doped region, the T-dependence of
1/T1 normalized by the value at T, is plotted against T/T. in
Fig.4-3-5. Here marks are as same as those in Fig.4-3-4. In the
superconducting state, the rapid decrease of 1/Tq1 below T, has
not only been observed in the lightly doped Sr content region of
X< 0.15, but also in the over doped region of x=0.20~ 0.24 in
Lag_xSrxCuOy4. In addition, all the components of T decrease
rapidly below T, over whole Sr .content region.57) With further
decreasing temperature, 1/T; in over doped region deviates from a

steep decrease and tends to be proportional to temperature at
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lower temperature as Sr content is increased from x=0.20 to 0.24.
Actually, the relaxation curves of the nuclear magnetization,
m(t), plotted against the product of time, t, and temperature, T,
for x=0.22 and 0.24 in the T-region of 1.3~ 4.2K and 1.3~ 7K,
respectively, fall approximately on a curve within an
experimental scattering as shown in Fig.4—3—6. This indicates
that all the components of T follow T1T=const. relation in these
T-region. This situation is seen for the relaxation curves of
m(t) of 63Cu for set B as shown in Fig.4-1-1 for x=0.24 plotted
against the product of t and T in the T-regicn of 1.3~ 4.2K as
shown in Fig.4-3-7. There is a doubt that the NQR line of set B
is not from superconducting part, therefore it may be expected
that 1/T; is not decreased below T,. 1/T; of 63Cu for set B for
X=0.24 is decreased below T., and the T-dependence, having by
about 1/2 times smaller Valué than that of 63Cu for set A, is
almost the same as that of 63cu for set A. Thus Cu for set B is
also in superconducting state. The details will be discussed in

section 5-3.
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T-dependence of 1/T7(=2W) of 83Cu for x=0.075(O ), 0.10(0 ) and
0.15(@ ) in Lag_yxS5rCul4 and that of YBagCugz07(O )55) with T¢=20,
30, 38 and 92K, respectively.20.46.57) O and @ circles for LSCO
represent 1/T; evaluated from the slope where m(t)=[M(e )-
M(t)]/M(e ) decreases from 30 to 10 % of the initial value. A , A
and ¥ , ¥ indicate 1/Tq obtained from the slope where m(t)
decreases from 100 to 37% and from 10 to 5% , respectively, i.e.
T1g and Tqp. Here M(t) is the nuclear magnetization at time, t,

after the saturating pulses.
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63cu is plotted against T/TC.20’55) The marks of T; for various

compounds are the same as those in Fig.4-3-1.
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T-dependence of 1/T1(=2W) of 63cu for x=0.15~ 0.24 in

Lag_xSrxCu04 and that of YBaZCu307(C))55) in zero field.46.57)
1/T7 decreases rapidly as in the lightly doped region below
x=0.15 and tends to be proportional to temperature at lower

Temperature as Sr content is increased from x=0.20 to 0.24.
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The normalized T-dependnece of 1/Tj(2W), i.e. Tl_l/Tl(T=Tc)—l’ of
83cu for x=0.15~10.24 in Las_yxSrxCu04 and that of YBapCu3z07
(O )55) in zero field is plotted against T/T..46.57) The marks of

Tq for various compounds are the same as those in Fig.4-3-4.
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Relaxation curves of the nuclear magnetization, m(t)={M(e )-
M(t)]/M(e ), of 83Cu in the T-region of 1.3~ 4.2K for x=0.22 and
of 1.3~ 7K for x=0.24 plotted against the product of time, t, and
temperature, T. The data fall approximately on a curve within an
experimental scattering. This indicates that all the components
of T; follow Tj;T=const. relation for both compounds in these T-

region.
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Relaxation curves of the nuclear magnetization, m(t)=[M(e )-
M(t)]/M(e ), of 63Cu for set B as shown in Fig.4-1-1 in the T-
region of 1.3~ 4.2K for x=0.24, plotted against the product of
time, t, and temperature, T. The data fall approximately on a
curve within an experimental scattering. This indicates that all
the components of Tq follow Tj;T=const. relation in these T-

region.
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4-4. 63Ccu NMR in Lag_xSrxCuO4

Fig.4-4-1 shows the central transition NMR spectra of
63cu for x=0.24 in Lag_xSrxCuO4q at 4.2 and 20K and at the
frequency of 125.1MHz with the c-axis perpendicular to the
magnetic field, cl H.57) The peak position of the spectrum in the
superconducting state at 4.2K is clearly shifted as a whole from
that in the normal state at 20K. The full width at half maximum
of the intensity, FWHM, is almost T-independent with a wvalue of
1.7k0e. All the components of T are also decreased rapidly below
Te as mentioned in section 4-3. These results show that most of
the Cu sites in CuO9 layer undergo a superconducting transition
just below T., owing to the random distribution of Sr and La as
seen in the distribution of Ty. This situation is seen over whole
Sr content.

The principal axis of the electric field gradient at a Cu
site is almost parallel to the crystal c-axis because of the
dxz—y2 character of the wave function. In order to determine the
quadrupolar and Knight shift separately, we took series of
spectra at several different frequencies in the region of 95.1~
125.1MHz. According to the second order perturbation theory, the
resonance frequency, w o, for the central transition spectrum

with HL ¢ is given by

v g2 [I(I+1)-3/4]
16(1+K) . 7 N Hres

w fe) = (1+K) 7 N Hres + + A '(L) N (4"8)

where the first term involves the Knight shift, the second term
is the second order shift of the quadrupolar interaction, and the

last term is the small correction from the higher order effects
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of the quadrupole interaction. 7 Ny/2z and nuclear spin, I, are
1.1285kHz/0e and 3/2 for 83Cu, respectively. A 'w 1is a very
small quantity (A 'o /w o < 2X 1074), because the applied field
is very large as compared to v Q> therefore we can ignore the

term of A 'w /w o. Thus we expect a linear relation between

(w 0-7 N Hres)/(7 N Hres) and (7 N Hpeg) ™2 as

. 3 v Q2
7 N Hres 16(1+K) (7 N Hres)2

© 0-7 N Hyes _ K (4-9)
This relation is confirmed experimentally as seen in Fig.4-4-2.
Actually, the v Q's extracted from the slope of solid lines in
the figure have 37.2(NQR=37), 835.9(36.4), 34.9(35.4) and
34.2(34.4)MHz for x=0.24, 0.20, 0.15 and 0.10, respectively,
being almost consistent to the results of NQR experiments. The
intercepts of these lines give the Knight shift.

Fig.4-4-3 shows the T-dependence of the Knight shift
parallel to the c-axis, K| , for x=0.1(¥ ), 0.15(0), 0.20(V)
and 0.24(M ) and perpendicular to the c-axis, K; , for x=0.1(A ),
0.15(0O ), 0.20(A ) and 0.24(@® ) of 63Cu in Lag_xSrxCuly4,
respectively.57) K| is x- and T-independent with almost the
same value of 1.2% , being almost the same value for YBCO7,12)
dominated by the orbital Knight shift. This value is almost the
same value for T1(2201)15) at low-T. In the normal state, Kj
reveals a weak T-dependence and is increased upon x as a whole,
testifying the increase of the uniform susceptibility, x o, at
the zone center, gq=0. KX,; for whole x are markedly decreased
below T.. The Knight shift in .the over doped region is enhanced
largely with increasing x from 0.15 to 0.24 at low-T far below

Te. Since the orbital shift of K; has almost the same value over
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whole x and the diamagnetic shift of K, 1is less than -0.03% at
4.2K in the magnetic field of 11T as shown from the proton NMR in
YBCO7,52) a residual Knight shift is ascribed to the spin shift.

Fig.4-4-4 shows the nuclear magnetization, m(t), of 63cu
under cl H at 1.4 and 4.2K for x=0.24 and 0.20, plotted against
the product of time, t, and temperaturé, T. m(t) falls on a curve
within the experimental errors, which means that all the
components of T hold TiT=const. as well as NQR results. Thus the
behavior of TjT=const. and the presence cf a residual spin shift
make an evidence that a finite density of state is left even in
the superconducting state, which means that the system is in a
gapless superconducting regime. The detailed analysis in the over
doped region will be presented in section 5-3.

The full width at half maximum of the intensity, FWHM, of
63cu NMR is shown in Fig.4-4-5. The FWHM for x=0.10 increase at
low-T in the superconducting state, also suggesting a localized
nature of Cu d-spins at low-T in the lightly doped region as well
as Tp=const. like behavior as shown in section 4-3. Here, A (V¥ ),
O, AN(V) and @ (W) represent .the value of FWHM with cl H(c| H)

for x=0.10, 0.15, 0.20 and 0.24, respectively.
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Fig.4-4-1.

The field swept 63Cu NMR spectra for x=0.24 in Lag-xSrxCu0O4 with
the external field perpendicular to the c-axis at 125.1MHz at 4.2

and 20K.57) Here a repetition time between two pulses 1is 50msec.
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Fig.4-4-2.
(w 07 N Hpreg)/7 N Hreg vs (7 N'Hres)~2 plot in the Sr content
region of x=0.10~ 0.24 in Laz_xSrXCuO4.57) From this figure., K

and v Q for each x are obtained.
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T-dependence of Knight shift of ©3Cu in the Sr content region of
x=0.10~ 0.24 in Lag_yxSryCu04.%7) Here ¥, [0, ¥V and M represent
the Knight shift parallel to the c-axis, Ky . &, O, A and @
represent the Knight shift perpendicular to the c-axis, K; .
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Fig.4-4-4.
Nuclear magnetization, m(t), of B3cu for x=0.24 and 0.20 with

cl H at 1.4 and 4.2K, plotted against the product of time, t, and
temperature, T. m(t) falls-on a single curve within the
experimental scattering. This indicates that all the components
of Ty hold TyT=const. as well as NQR results.
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Fig.4-4-5.

Full width at half maximum of the intensity, FWHM, of 63Cu NMR.
A (YY) O, A (V) and @ (l ) represent the value with cl H(cll H)
for x=0.10, 0.15, 0.20 and 0.24, respectively.
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4-5. 205T] and 119spn NMR in Chevrel Phase Superconductors

T1lMogSe7_ 5 and Snj jMogSe7 5

T1 of 119Sn with a nuclear spin of 1/2 in Snj_1MogSe7. g5 was
precisely determined in the T-region of 1.3~ 12K from a single

exponential behavior of
m(t) = [M(e )-M(t)]/M(e ) = exp(-t/Tq)

where M(t) is the nuclear magnetization at time, t, after the
saturating pulses. In Fig.4-5-1, the T-dependence of 119(1/T;) at
9.8MHz (A ) in 6.1k0Oe in the normal state shows the Korringa law
like behavior with T{T=0.41secK, being almost the same value of
T1T=0.58secK reported by Matsumura et al26).55) In the
superconducting state, 119(1/T1) shows the coherence peak just
below T, and decreases exponentially with further decreasing
temperature from about 3K(O.8Tc) down to 1.3K(0.37T.). Here
Te=3.5K is defined by a.c. susceptibility measurement in the
magnetic field of 6.1k0Oe. Although we have not measured the
magnetic field dependence of 119(1/T1), the coherence peak of
119(1/T1) is expected to increase with decreasing field.

The T-dependence of 1/T; of 205T1 with a nuclear spin of
I=1/2 in TlMogSe7 5 at 17MHz(@ ) and 8.7MHz(x ) in 3.5k0Oe and
6.9k0e, respectively, are shown in Fig.4-5-1.55) 205(1/T1) also
shows the Korringa law like behavior with T{T=2.94x 10~ 3secK in
the normal state. This value is the same as that reported by
Nishihara et al27). In the superconducting state, the prominent
feature is that 205(1/T;) has no coherence peak just below T,

and decreases exponentially over four orders of magnitude from
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10K(0.8T.) down to 2K(0.15T;) for the data at 8.7MHz(Xx ) in
3.5k0e. Since the decrease of T, in 6.9k0Oe was less than 0.2K
from Te=12.2K in zero magnetic field, we suppose Tq(H) in H=
6.9k0e is nearly equal to T, in zero field. No magnetic field
dependence of 205(1/T;) was observed from 13.5K above T, down to
2.5K. Thus the lack of the coherence péak of 205(1/T1) is not due
to the magnetic field. When a nuclear magnetic relaxation is due
to the interaction between a nuclear electric quadrupole moment
and the electric field gradient produced by conduction electrons,
the transition rate for scattering is time-reversal invariant.
Therefore the second term in the coherence factor has a negative
value, resulting in the depression of the coherence peak as seen
for the 1/T; of 18lTa in Tas3Sn measured by Wada and Asayama.58)
However 205T1 has I=1/2, therefore it is not in this situation.
Below around 2.5K, 205(1/T1) tends to saturate with increasing
the field from 3.5 to 6.9KOe, accompanied by a deviation from a
simple exponential decay of m(t). Thus the intrinsic relaxation
behavior begins to be masked by the presence of the vortices in
the mixed state at considerably low-T. This result of exponential
decrease of 205(1/Tq) is different from the result reported by
Nishihara et al27) that the T-dependence of 205(1/T1) obeys the
power law like T-dependence of T6.9,

It is considered that the exponential decrease of 119(1/T7)
and 205(1/T;) below T, is associated with the presence of the
isotropic superconducting energy gap. So far, in Fig.4-5-2,
119(T;) and 205(T;) are plotted against T¢(H)/T.55) 205(Ty) and
119(T1) varies as exp(A /kgT), i.e. Ti=exp(A /kgT), with an
isotropic energy gap(s-wave gap) of 2A =4.5 and 3.6kgT.,

respectively. Therefore even though the coherence peak is
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depressed, the s-wave picture 1is evidenced by the exponential
decrease of 1/Tj below T.. Here the value of 2A =3.6KkpT. of
119(T1) is almost the same as the value of 2A =3.5kpTc of the
previous one reported by Matsumura et al26) and is nearly equal
to 2A =3.52kpT. for the weak coupling(BCS) SC. 2A =4.5kgTc of
205(1/T1) corresponds to the larger value as for the strong
coupling SC. The detailed discussion will be presented in section

5-1.
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Fig.4-5-1.

T-dependence of 1/T; of 205T1 in TlMogSe7 s in the external field
of H=3.5kOe(x ) and 6.9kOe(® ), that of 119Sn in Sn; jMogSe7 s in
H=6.1kOe (A ) and that of 63Cu in YBagCugz07(O )63~ 66) in zero
field.55) Solid lines above and below T, for 205(1/T;) data
represent the Korringa law like behavior with T;T=2.84X 10-3secK
and the exponetial behavior of exp(-A /kgT) with 24 =4.5kpTc,
respectively. And for 119(1/Tq), those are Ti;T=0.41secK and 2A

=3.6kgTe¢-
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T, versus T./T plot for TlMogSe7 5(@ ) and Snl.1M068e7‘5(Ax).55)
The solid line for TlMogSe7.s is a best fit to the form of
Ti=exp[ (A /kgTe) (Te/T)] with 2A =4.5kgT,, which is larger than 2A
=3.6kgT, for Sn compound. Note "that the exponential behavior of
T1 in TlMogSe7 5 is varied in a large T-region of 0.2T,(2.5K) and
0.8T-(10K) without the coherence peak just below Tg.
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Chapter 5. Discussion

5-1. Comparison between High Temperature Superconductors

and Chevrel Phase Superconductors

Allen and Rainer have shown that fhe numerical solution of
the Eliashberg equations based on an s-wave model with a strong
electron-phonon coupling, which is almost the same as that the
quasiparticle life time effect pointed out by Dolgov et al159) and
CoffeyGO), leading to suppress the coherence peak of 1/T1.61)
They tried to explain the behavior of 1/T; of High—TC cuprates SC
by using this model. We plotted the T; data of TlMogSe7 5(@ ) and
Snj  1MogSe7 5(O ) in Fig.5-1-1 quoted from Fig.2 in ref.61.55)

Here
(1/T18T)/(1/T1NT) = T1N/T1s

is plotted against T/Tc. 1/T1NT 1is the value in the normal state.
The upper and lower curves'are the calculations based on
Eliashberg theory with the electron-phonon coupling constant A =
1.66 and 3.2 estimated by using the hypothetical phonon spectrum
of @ 2F(w ) and the Coulomb coupling constant gz *=0.095 and 0.1;
respectively. Accordingly, each value of A used in the
calculation should be not definitively taken as discussed in
ref.61. In the figure, the coherence peak is depressed from the
upper curve to down curve when A is increased from 1.66 to 3.2,
and at the same time, in this model, the energy gap -as compared
with the BCS value of 2A =3.52kgT. 1is enhanced with increasing

A . This similar behavior of 1/T; is seen in those of Chevrel
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phase compounds, thus it is considered that with increasing A ,
the coherence peak is depressed from the 119(TiN/Tig) curve with
2A =3.6kgT; and Te=3.5K to the 205(T{N/T1g) curve with 2A
=4.5kpTe and To=12.2K. On the other hand, (TyyN/T1g) for 63Cu NMR
(0)17) and 170 NMR(x ) 17) in the CuOy plane of YBasCu307 seems
to be close to the down curve with A ¥3.2 in the narrow region
from T/Te=0.9(T=83K) to T/Tr=0.55 (T=51K). However, the value of
(T1N/T1g) measured by 63Cu NQR(A ) in zero field in YBCO; 63~ 66)
is smaller than these values, and the strong reduction of 1/T;
just below T, cannot be reproduced by the phonon-damping model
even when compared carefully with the éalculation with a strong
coupling limit with A =3.2 as seen in Fig.5-1-1.

As an example, the T-dependence of 63(1/T1) of 63Ccu(Q ) in
YBagCug0y 63~ 66) in zero field is shown in Fig.4-5-1 where the
data down to 10K determined from a simple exponential decay of
the nuclear magnetization, m(t), are presented. The behavior of
rapid decrease of 1/T1 with no coherence peak is commonly shared
in most of high-T, materials as seen in Fig.4—3—3,13) independent
of the doping rate and the enhancement of the AF spin correlation
causing the marked change of the normal state properties.67,68)
It is worth noting that 1/T; of 170 17) also possesses a similar
T-dependénce to that of 63Cu even though the AF spin correlation
is filtered at oxygen site due to the geometrical cancellation.
17~ 19,47,62,69) 63(1/T1) in YBasCusz07 has a T3 like T-dependence
in the T-region between ~ 0.16T;(15K) and ~'O.5TC(45K),63“’66)
which is enough to argue whether or not an isotropic energy gap
is present as seen in the resuylt of TlMogSe7_ 5(@® and X ) .55)
1/Tq1 of Chevrel compounds shows the exponential decrease with

decreasing temperature, even though the coherence peak of 1/Tq is
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depressed due to the phonon damping effect smearing out the
density of states near T,. Thus this behavior is different from
both of the rapid decrease of 63(1/T1)(O ) just below T, and a T3
like T-dependence in the T-region between ~ 0.5T. and ~ 0.16T, as
seen in Fig.4—5—1.55) The strong damping effect due to the
electron-phonon coupling is indeed réalized in the result of
series of Chevrel phase SC, but cannot interpret the result in
high-T. cuprates even from a qualitative point of view. Thus it
is considered that an anisotropic d-wave model with gap zeros of
line at the Fermi surface as argued in heavy fermion SC,70) which
can also explain the impurity effect7l) at low-T and the results
as mentioned in this thesis, is the most promising in

interpreting the NMR results of High-T, cuprates SC.
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Fig.5-1-1.

Nuclear spin relaxation (1/T3gT)/(1/T1NT) = T1n/T1g versus
temperature T/T. of 205T1 in TlMogSe7 5(® ) and that of 119sn in
Snp  iMogSe7 5(0O ) in a linear scale.95) The upper and lower
curves quoted from Fig.2 in réf.Sl are the calculations based on
Eliashberg theory with the electron-phonon coupling constant A
=1.66 and 3.2 estimated by using the hypothetical phonon spectrum
of «a 2F(w ) and the Coulomb coupling constant u *=0.095 and 0.1,
respectively. The marks of € , [0 and x are the data of 1/Ty for
63cu NQR, 63~ 66) 63cy NMR17) and 170 NMR17) in the CuOy plane of
YBaoCug07, respectively.
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5-2. Normal State in Lag _xSrxCuO4

We measured Tp of 63cu in the Sr cohtent region of x=0.075~
0.24 in Lag._xSryxCu04.20,46,51,57) we have found that the
-relaxation rate, 1/T;, is markedly enhanced over a wide T-region
above T, with decreasing Sr content. This testifies the increase
of x Q with decreasing Xx. (TlT)‘l follows a characteristic T-
dependence of C/(T+6 ) associated with the Curie-Weiss law of
X Q(T) above 6 K and then approaches a constant value in a narrow
T-region above T,. The remarkable feature is that the Weiss
temperature, 6 , is reduced from 120K to 20K with the decrease of
the Sr content from x=0.24 to 0.075, being almost zero near the
magnetic phase -boundary around x=0.05. There is a notable
interrelation between T, and 6 , namely both decrease with
decreasing Sr content, with T,=0K at 6 =0K.

The Cu relaxation result is well interpreted by the SCR
theory of spin fluctuations in a nearly AF two dimensional
metal.48) so far, there have been lots of theoretical approaches
from the strong correlation limit as a possible model for HTSC
such as the t-J model.49) In contrast to these, it should be
noted that the SCR theory is an approach from a weak correlation
limit.

Recently, Kohno and Yamada derived rigorous expressions for
the specific heat, spin susceptibility, the nuclear spin-lattice
relaxation time, T;, and T2 term of electrical resistivity by a
microscopic treatment consisting of d- and p-electrons based on a
Fermi liquid picture.50) Assuming large AF spin fluctuations and
using our experimental finding that (TlT)‘1 follows the Curie-

Weiss law of C/(T+6 ), they derived an expression of the
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resistivity as
R~ xq(T) T2 ~ T2/(T + 6 ). - (5-1)

From this result, we see that the resistivity is probortional to
T2 with the coefficient enhanced by the x @(T) at low-T far
below 6 and approaches T-linear 1like T-dependence at high-T far
above 6 . This appears to be the simplest interpretation for T-
linear resistivity. For LSCO, since 6 1is almost comparable to Te
in the lightly doped region, it is expected that T-linear
resistivity is observed in the wide T-region above Te, which is
in accord with the experiment. The experimental results such as
the T-dependence of 1/T1 and the resistivity, which were
considered to be unconventional, are well understood from the
approaches based on the Fermi liquid picture in which the large
AF spin fluctuations is taken into consideration.

In the normal state, the Knight shift perpendicular to the
c-axis, K] , reveals a weak T-dependence and is increased with
increasing x as a whole.57) The enhancement of K; wupon x at low-
T above T, testifies the increase of the uniform susceptibility,
X o, due to the decrease of y Q upon x as shown for 1/T;.
Recently, Oda et al have implied that d.c.y for LSCO cosists of
the T-independent term, ¥ o> the spin susceptibility of Cu,
X spin. and Curie term increased with increasing x appearing
above x=0.18, C/T, as shown for LBCO in Fig.5-2-1.76) This T-
dependence of x gpip extracted from the measured susceptibility
is similar to the T-dependence of K; . They have considered that
the Curie term comes from the localized Cu atoms, which destroys

superconductivity. However, for K, , the remarkable increase of
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the width of NMR spectrum at low-T due to the Curie term is not

seen in the over doped region. Thus we consider that the causes

of decrease of Tc is not due to the localized Cu atoms arising

the Curie term.

Fig.5-2-1.

T-dependence of d.c.y for
Lag_xBaxCuOy.78) The spin
susceptibility of Cu, x gpin-
(dash-dotted line) 1is
obtained by a subtraction
from d.c.y (solid line) of
the T-independent term, x o,
and Curie term, C/T, (broken

line).
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5-3. Superconducting State in Lag_xSrxCuOg4

In the superconducting state, 1/Ty1 of Cu in LSCO reveals a
rapid decrease down to 0.8T. without an enhancement just below
To, being independent of Sr content and Weiss temperature, 6
20,46,57) The rapid reduction of 1/Ti below T, is known to be
independent of the strength of the external field, the number of
CuOs plane and the atomic site, Cu,13) 017) and Y16) in several
high-T, materials. In contrary to this, 1/T; at low-T exhibits a
different behavior in case by case. So far, the Knight shift
perpendicular to the c-axis, K; , is reduced below T, in whole x-
region as well as the results of 1/Tq1, verifying the presence of
superconducting phases with an intermediate T, lower than the
maximum T, of 38K from a microscopic point of View.57)

We show below that both of the T-dependence of Tj1 and
Knight shift below T, for x=0.24 and 0.20 in the over doped
region can be interpreted by an application of a gapless d-wave
model.57) The steep decrease just below T, and the power-law like
T-dependence at low-T of 1/T; in HTSC cannot be interpreted by an
s-wave model, whatever the quasiparticle damping is taken into
account, as mentioned in sectiom 5-1. Since 1/Tq1 of Cu in LSCO is
decreased rapidly without enhancement just below T., and a
T1T=const. relation and a residual spin Knight shift are seen at
low-T far below T, in the over doped region, we consider that a
d-wave model is valid for understanding the T-dependence. The s-
wave model with considerably large value of the residual density
of states as seen for x=0.24(T:=18K) at low-T leads to T, of
almost OK.

We used the model argued in Zn-doped YBagCugO7 72) for the
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T-dependence of Knight shift and T3, in which the gap zeros of
lines at the Fermi surface originating from d-wave pairing and
the residual density of states at the Fermi level associated with
a pair breaking effect are taken into account. Actually, in order
to interpret the physical quantities at low-T in heavy fermion
superconductors(HFSC), this type of tfeatement by non-magnetic
impurity was first made by Schmitt-Rink, Miyake and Varma7l) and
Hirschfeld et al73) in terms of the unitarity limit. We adopt
here density of states based on a d-wave model with a gap
function of approximately polar state, C (0 ,¢ )=A cosbd , for

simplicity as shown in Fig.5-3-1.72) The functional forms are

given by
Ng(E)= (7 rNg)/2= Npeg (E<ra ),
Ng(E)= (7 NoE)/(24 ) | (XA <E<A ) | (5-2)
Ng(E)= (NoE/A ) sin~1(A /E) (A <E),

where r=(2Nygg)/(z Ng). Here, the extent of the gapless is
introduced only by a parameter, Nypgg. We try to interpret the
results of K and Tq{ of Cu in the over doped region of LSCO by use
of this model.

Fig.5-3-2 shows the T-dependence of Kg/KTe for x=0.24(@ )
and O.20(C)) plotted against T/T, where the spin part of K; , Kg,
estimated by assuming the orbital part of K, , Kgrp=0.24%, is
normalized by the value at.T,. The solid lines are the
calculation with 2A =4.5kgT., and r=0.32 (Npgg/Np=0.5) for x=0.24,
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respectively. Here the assumption of Kgyrp=0.24% 1in LSCO is
supported by the facts that the Knight shift parallel to the c-
axis, K| , for YBCO7 12) and LSCO in whole Sr content region is
almost T-independent with the same value of about 1.2% ,
dominated by the orbital susceptibility. K; for T1(2201)15) at
low-T has the same value of 1.2% aé seen in Fig.1-1-10. In
addition, the residual shift of K; dominated by the orbital
susceptibility at low-T for YBCO7 12) and T1(2201)15) have the
same value of 0.24% . As seen in Fig.5—3—2, Kg/KTe for x=0.24 and
0.20 are well fitted by the lines with Nyeg/No=0.5 and 0.13 and 2A
=4.5 and 8kgT., respectively. If the Knight shift can be
interpreted by the gapless d-wave model, the results of T; should
also be fitted by use of the same parameters as those for the
Knight shift. Then we‘have tried to calculate T;.

The normalized 1/T1T by the value at Tq, 1.e.
R/Rte = (1/T1T) / (1/T1T)7c »

of 63cu for x=0.24 is plotted against T/T. in Fig.5-3-3. Here A
(A), @ (O) and ¥ (V ) represent Tig, T; and Tpj, for set A
(set B) as mentioned in section 4-1, respectively. As seen in
Fig.5-3-3, 1/T1 of Cu for two different sets is interpreted by
the same gapless d-wave parameters as those for the Knight shift,
and the Cu site for set B with tetragonal like structure is in
the superconducting state. In addition, the value of 1/T; of Cu
for set B is almost 1/2 times smaller than that for set A in the
normal state for x=0.24, testifying to the suppression of x @ for
the Cu Site with tetragonal like structure.

Fig.5-3-4 shows the normalized 1/T1T by the value at Tg,
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R/Rpe=(1/T1T)/(1/T1T)1c. of 83Cu for x=0.20 is plotted against
T/To. Here A, [0 and V represent Tjg, T3 and Tp, for set A as
mentioned in section 4-1, respectively. The solid lines are the
calculation by use of the same parameters as those of the Knight
shift for x=0.20 as shown in Fig.5-3-2. We consider that T; for
x=0.20 is also well interpreted by fhis model as well as for
x=0.24, although there exists an experimental error for both of
T1 and Knight shift measurements.

Fig.5-3-5 shows Npeg/No(O ) and Tc(@ ) plotted against Sr
content, xXx. In the over doped region, T, is decreased upon
Nres/No- As seen in Fig.5-3-6, the tendency of decreasing of
Te/Tco upon Npreg/No in the over doped region of LSCO(@ ) 1is
almost the same as calculation based on the non-magnetic impurity
scattering in the unitarity limit by Schmitt-Rink, Miyake and
Varma,’4) having not rapid re@uction upon increasing Nyeg/No.
Here, @ , O represent the data for the LSCO in the over doped
region and the Zn-doped YBCO7, 72) respectively. Here T.o for
LSCO and YBCO7 are assumed as T¢p=38 and 92K, respectively.

On the other hand, recently, Takagi et al75) have claimed
that the superconductivity disappears .in the over doped region
associated with an orthorhombic to tetragonal structural phase
transition near x=0.2 and the bulk superconducting phase 1is
confined to a much narrower composition region than believed® 7).
However, it is not settled whether or not the orthorhombic and
tetragonal phases in over doped region exhibit superconductivity
with lower-T, as reported in the earlier works.5,7) Our NMR and
NQR results have supported.both phases(orthorhombic and
tetragecnal) are superconducting from a microscopic point of view.

We have considered that the origin of the gapless
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superconductivity is due to the pair breaking occurred by the
structural instability from the orthorhombic to tetragonal upon
hole doping, and T, is decreased by the pair braking effect and
the suppression of AF spin fluctuations in the over doped region.

On the other hand, in the lightly doped region, 1/T{ for Cu
NQR follows Tj=const. relation, caused by a localized nature of
Cu d-spins at low-T.20,46,57) on the results of the full width at
half maximum of the intensity, FWHM, for 63Cu NMR as shown in
. section 4-4-6, the FWHM for x=0.10 has almost twice value of
those for another x at low-T in the superconducting state, also
suggesting the exsistence of a localized nature. So far, (TlT)‘l
in the normal state follows a characteristic T-dependence of
C/(T+06 ) associated with the Curie-Weiss law of the staggered
susceptibility, x (T), at the zone boundary, Q=(z /a, =z /a) due
to the development of AF spin correlation.20,46,51) The Weiss
temperature, 6 , decreases linearly with decreasing Sr content.
The Sr content extrapolated to 6 =0K corresponds just to x=0.05
that is the boundary between the superconductivity and the static
magnetic ordering.20,46,51) The results as mentioned above
implies that the AF spin fluctuations at considerably low
frequency, i. e. w ~ 0, is increased with decreased hole content
near the magnetic phase boundary. Thus we consider that T, is
decreased in the lightly doped region with decreasing hole

content and its mobility.
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Fig.5-3-1.

Model density of states in which the gap zeros of lines at the
Fermi surface originating from d-wave pairing and the residual
density of states at the Fermi level associated with a pair
breaking effect are taken into account.?2) The functional forms

are given by

Ng(E)= (7 NgE)/(2A) (ro <E<A ),
Ng(E)= (NoE/A ) sin~l(a /E) (A <E),

where r=(2Nyeag)/ (7 Ng).
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Fig.5-3-2.

T-dependence of Kg/Kye for x=0.24(@ ) and 0.20(0O ) plotted
against T/T.. The spin part of K,; , Kg, estimated by assuming the
orbital part of K, ., Kporp. with 0.24%. Ky is the value at Tg.
The solid lines are the calculation with 2A =4.5kgT, and
r=0.32(Nypeg/Ng=0.5) for x=0.24, and with 2A =8kgT. and
r=0.083(Nypeg/Np=0.13) for x=0.20, respectively.
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Normalized 1/TyT by the value at T., R/Rpe=(1/T1T)/(1/T1T)pc, of
83cu for x=0.24, is plotted agaist T/T.. Here A (A), @ (O) and
¥ (V) represent Tyg, Ty and Tjp, for set A(set B) as mentioned in
section 4-1, respectively. The solid lines are the calculation
with the same parameters as those for the Knight shift in Fig.5-
3-2.
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Normalized 1/T;T by the value at Ts, R/Rpe=(1/T1T)/(1/T1T)Tc, of
63cu for x=0.20 is plotted against T/T.,. Here A , [0 and V
represent Tjg, T and Ty, respectively. The solid lines are the
calculation with the same parameters as those for the Knight

shift for x=0.20 as shown in Fig-5-3-2.
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Nres/No(O ) and Tc(@ ) for LSCO plotted against Sr content, X.
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Fig.5-3-6.

Te/Teo VS Npeg/No plot. Here, @ , O represent the data for LSCO
in the over doped region and the Zn-doped YBCO7,72) respectively.
Teco for LSCO and YBCO7 are assumed as T.p=38 and 92K,
respectively. The solid line is the calculation based on the non-
mgnetic impurity scattering in the unitarity 1limit by Schmitt-

Rink, Miyake and Varma.74)
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Chapter 6. Summary

The spin dynamics and the static magnetic properties of
Lag_xSrxCuly4 were systematically investigated by measuring T, and
Knight shift.

There has been seemingly a doubt that the bulk
superconductivity in Lag_xSrxCuO4 exists in the narrower Sr
content region than believed. A systematic NMR study has,
however, assured that there exist the superconducting phases with
Te lower than the maximum T, of 38K in the lightly and over doped
region. A steep decrease of 1/Tq is seen just below Ts, in
addition, a rapid decrease of the spin Knight shift below T, is
clearly deduced from the uniform shift of the NMR spectrum as a
whole.

In the over doped region, the observation of a TiT=const.
relation and of the residual spin Knight shift at low-T provides
a clear signature that the superconductivity in Lag._xSrxCu0Oy4 is
of a gapless type. A gapless d-wave model is useful in
interpreting the T-dependence of T and Knight shift below Te. We
have considered that the origin of gapless state is due to the
pair braking effect caused by the structural instability from
orthorhombic to tetragonal upon hole doping, and T, is decreased
by the pair braking effect and the suppression of AF spin
fluctuations in the over doped region.

In the lightly doped region, the Weiss temperature, 6 ,
associated with the strength of the staggered susceptibility,
X Q> has 0K at the magnetic .phase boundary of x=0.05, 1/Tq
becomes T-independent at low-T below T,, and the full width at

half maximum of the intensity for x=0.10 increases at low-T below
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T.. From above results, it is considered that the AF spin
fluctuations at considerably low frequency(w ~ 0) 1s increased
with decreasing hole content near the magnetic phase boundary.
Thus we consider that T, is decreased in the lightly doped region
with decreasing hole content and its mobility.

In addition, phonon suppressionreffect on coherence peak
just below T, in the nuclear spin relaxation rate, 1/Tq, has been
investigated by 205T1 NMR of Chevrel phase superconductor
T1MogSe7 5 with Tc=12.2K. The lack of coherence peak of 205(1/T7)
is demonstrated in a strong coupling superconductor TlMogSe7 5,
while the exponential decrease of 1/T7; is confirmed over four
orders of magnitude below 0.8T(10K) with 2A =4.5kpT.. As argued
by Allen and Rainer, the strong electfon—phonon decay channels
open to excitation cause the unexpectedly strong damping of the
quasiparticles in all dynémicql propertiés, being the origin of
the depression of coherence peak. From a comparison with an s-
wave model in which the quasiparticle damping is taken into
account, it is reinforced that the unusual relaxation behavior
observed in high-T, cuprates, i.e. a power-law T-dependence with
no coherence peak below T,, cannot be accounted for by the
conventional theory of the superconductivity and/or the model
based on s-wave paring.

From the NMR and NQR studies for the superconducting LSCO
and the Chevrel phase superconductors, we conclude that the
anisotropic superconducting model is valid for understanding the
mechanism of superconductivity for the high-T, superconductors.
Thus it is considered that the superconductivity is due to the

spin fluctuations.
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