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Abstract

The electronic structure and the magnetic property in HgBa;CayCuzOsys (Hgl223) com-
pound, which currently has the highest value of the transition temperature (7, = 133 K) in
the exsiting superconductors, were investigated using the NMR. technique. In the normal
state, from the quantitative analyses of ®*(1/T}) and 1/Tyg, it is shown that the product
of the staggered susceptibility and the characteristic energy of the spin fluctuations around
the zone boundary, xoT'g, for the square CuO, plane site is larger than that for YBa,Cuz07
(YBCOy), although that for the pyramidal CuO, plane site is almost the same. Together
with the result on Tl;Ba;Ca;Cuz0;y, this enhancement of xol'g is a common property for
the triple CuO; layer compounds, and is considered to be responsible for the higher 7. in
Hgl1223 than in YBCO~. In the superconducting state, the behaviors of K and 3(1/7T})
can consistently be interpreted in terms of the d-wave pairing model with a smaller ad-
ditional density of states (DOS), N,s, at the Fermi level than that for Bi- and Tl-based
compounds. The small value of N,., indicates that the Hgl223 possesses good quality, as
supported by the narrow NMR spectra. It is suggested that one of the origins for the high
value of T, in Hgl223 is due to the better quality than other high-7, cuprates, such as Bi-
and Tl-based compounds.

On the other hand, the magnetic and superconducting properties in heavily-doped region
were investigated in T1Sr,CaCu,07-5 (T11212) with two pyramidal CuO, planes such as
YBCO7. In the normal state, from the systematic measurements of 3(1/7}) and 1/ Ty, the
antiferromagnetic (AF') spin correlation is found to be weaker than that in YBCO-, and to
be suppressed with decreasing T, i.e. with increasing hole content. In the superconducting
state, the T-dependences of ® K and ®3(1/T}) have shown that the superconductivity is in a
gapless regime with a finite DOS at the Fermi surface as in the cases for Hg1223 and other
high-T,, compounds. It is established that the NMR results below 7., are almost consistent
with a d-wave pairing model.

These properties can be explained in terms of the spin-fluctuation-induced superconduc-
tivity model as well, and thus it is concluded that the high-7, superconductivity is due to

the spin fluctuations.



Part 1
(General Introduction

1 Background of High-T, Cuprates

In order to explore the mechanism of the high-T, superconductivity, numerous works
have been carried out in various high-7. materials, e.g. lightly-doped Lay_,Sr,CuQy,
(LSCO) with a single CuO, layer, YBa;Cu3Ogyr (YBCOs4s), YBagCusOs (Y124) and
Bi;SryCaCu, 05 (Bi2212) with double CuO, layers and heavily-doped Tl;Ba,CuQOgy., (T12201)
with a single CuO; layer.) Among the extensive experimental efforts, NMR study is play-
ing important role in clarifying the electronic state in the CuO, plane, which is crucial
for the occurrence of the high-T, superconductivity. Thus far, there are numerous NMR
and neutron scattering studies with respect to the magnetic nature in high-T, cuprates.
Apparently, the AF spin correlation remains in the normal state of the superconducting
compounds, and it is a controversial issue whether the spin fluctuations mediate effectively
the formation of the Cooper-pair.

On the other hand, as for the superconducting properties, there have been several ex-
periments which are consistent with a d-wave model. From the earlier stage of the NMR
study, Kitaoka et al.?) have claimed that the result of the nuclear spin-lattice relaxation
rate, 1/Ty, which is close to the T3-behavior without a coherence peak just below 7., should
be interpreted in terms of an anisotropic energy gap model (say d-wave model) with gap

3) pointed out that the measured values

zeros on lines at Fermi surface. Monien and Pines
of the spin Knight shift, K, and 1/7} in the superconducting state would seem to require
d-wave pairing. In addition to these results, Ishida et al.*) have found that the impurity
effect on the superconductivity is consistently understood in the framework of a d-wave
model as well. However, it seems that a general consensus has not been reached yet.

The recent discovery of superconductivity at 94 K in the HgBa;CuO44 5 system, a single
CuO; layer compound, by Putilin et al.%) was enough to attract many investigators’ atten-

tion as a new family of the high-7. compounds, because it was expected that the highest

T, would occur in a mercury-based compound with more CuQ, layers, as in bismuth- and



thalium-based compounds. A successive increase of T, is achieved in the mercury-based
homologous family (HgBaQCan;ICun02n+2+5, n=1,2,3,4).9 Then = 1,2 and 3 mercury-
based compounds possess the highest T.’s for any known single, double and triple CuO,
layer compounds — 98, 128 and 135 K, respectively, as seen in Fig.I-1(a). It suggests that
the increase of the number of CuO, sheets is a key factor to increase T, value. Further-
more, under high pressure, T,’s are found to increase surprisingly by more than 20 K in
these compounds, to temperature exceeding ~ 150 K for HgBa,Ca;CuzOs,5 (Hgl1223).”)
However, the detailed information on the electronic structure and magnetic properties in
the CuQO, planes in the mercury-based compound, which is essential to the understanding
of superconductivity mechanism in these multiple Cu-O layered systems, is not available
yet. Therefore, in order to elucidate why T, in the mercury-based compound is quite high
from the microscopic point of view, 3Cu NMR measurements for the Hgl223 compound
have been carried out.

On the other hand, from a viewpoint of hole carrier concentration, it is widely accepted
that the high-T. superconductivity occurs in an intermediate region between an antiferro-
magnetic insulator and a metal in the phase diagram of high-T, superconductors, as seen
in Fig.I-1(b). This feature suggests that the high-T. superconductivity is connected with
a state described as either a spin-liquid or Fermi-liquid. Therefore, in order to formulate a
mechanism of high-T, superconductivity, the studies of both extremes of the behaviors are
important.

It is well known that the normal-state properties of high-7. cuprates show unusual
behaviors, such as T-linear resistivity and anomalous T-dependence of Hall coefficient,
etc.!) In particular, the magnetic properties in lightly-doped compounds are quite unusual.
Namely, the uniform spin susceptibility, x,(7), decreases with decreasing temperature.
Also, %3(1/Ty) does not obey a T\T = const. law, but #(1/T,T) follows a Curie-Weiss law
above T, in LSCO,? whereas it exhibits a peak well above T, in YBCOgy> 19 and Y1241
The latter unique behavior is so-called a spin gap behavior, that is, a low energy part of spin
fluctuation is suppressed before the onset of the superconductivity as evidenced clearly by
the neutron inelastic scattering experiments.'? Such a spin-gap behavior has drawn much

attention with an expectation that the superconductivity may occur in a new framework



of spin-charge separation based on an RVB model.'®)

In contrast, in an optimum doped system represented by YBa;Cu3O7 and heavily-doped
system like T1,Ba,CuQgy, where T, decreases with increasing holes,'¥ the x,(T') deduced
from the Knight shift of 3Cu is T-independent, whereas *(1/7,T) for high-T. samples
increases upon lowering temperature down to T, as well as in LSCO,® although its magni-

15) The latter anomalous T-dependence

tude is considerably reduced by an increase of holes.
of 83(1/TyT), which is rather commonly seen in most of high-7, materials than a spin
gap behavior, has been described first in terms of the phenomenological antiferromagnetic
(AF) spin fluctuation model'® and the self-consistent renormalization (SCR) theory,'”)
and later in terms of more microscopic models.!® 1% 20 A remarkable finding was that the
AF spin fluctuation disappeared for the heavily-doped Tl;Ba;CuQOg,, compound exhibit-
ing no longer superconductivity, instead obeying the TyT'=const. law in a wide T-range.'®
These results have suggested that the AF spin correlation plays a role for the occurrence
of the superconductivity.

However, in order to reach to a final answer of the mechanism of the high-7, super-
conductivity, more extensive informations covering not only the lightly-doped region near
an insulator to superconducting boundary, but also the heavily-doped region involving a
superconducting to metal boundary must be driven by necessary. So far, there are few sys-
tematic experiment on the heavily-doped system except for the T12201 compounds with a
single CuQ, layer. In order to establish further the magnetic and superconducting proper-
ties in heavily-doped superconductors, the extensive 3Cu NMR studies of T1Sr,CaCuy07_s
(T11212) compounds with two pyramidal CuO, layers in the unit cell as in YBCOg,,
have been carried out.

In this thesis, the 3Cu NMR experiments for the mercury-based triple Cu-O layered
superconductor, HgBa,Ca,;Cuz0g4s (Hgl223, T, = 133 K) are presented in part II, and
the thalium-based double layered superconductor, TI1SryCaCuy07_s (T11212, T, = 70 ~ 0
K) in part III.
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2 NMR Theory

A nuclear spin interacts with its electronic environment through electric and magnetic
hyperfine couplings.?!) In the presence of an applied magnetic field, Hy, the Hamiltonian

of a nuclear spin, I, having a quadrupole moment, e, can be written as

H=Hz+ Hy+ Hyy (1)
with
Hyz = —yyhHo[I, cos + I, sin 0 sin ¢ + I, sin § cos ¢} (2)
__eQVs, 2 : N2 2
and
Hup = wh(Q>_1-A;-S;+1-0-L) (4)
J

Here, Voo (o = ,y, z) denote the principal components of the electric field gradient (EFG)
tensor, V, with the axes labeled according to the convention |V,;| < |V,,| < |V,.|. The
asymmetry parameter of V, 7, is defined as n = (V,, — V,)/V;.. For a particular site,
z,y,%z are chosen as the frame of reference in eqs.(1)—(4). For example, in all Y-Ba-
Cu-O compounds due to symmetry, one permutation of the z,y, z set coincides with the
orthorhombic a, b and ¢ crystal axes. 6 and ¢ are the polar and azimuth angles, respectively,
of Hg, in this crystal frame. S; is the electron spin operator at the copper site, j, and A; is
its spin hyperfine tensor. In high-T, cuprates, the sum over j includes only on-site copper
and its first neighbors. L is the electron orbital angular momentum and O is its on-site
orbital hyperfine tensor. yy is the nuclear gyromagnetic ratio.

Nuclear magnetic resonance (NMR) spectroscopy has proved to be a powerful tool in the
study of high-T, superconductors as being an element- and site-specific local probe. It has
therefore been playing an important role in helping to understand the physical mechanism
of superconductivity. Among the nuclei used for NMR studies of high-T,, superconductors,
copper attracts most attention, since the CuQO, planes are known to be responsible for
superconductivity in these materials.

The analysis of NMR in the high-T, family begins with the Mila-Rice model,?? in

which one assumes that there is only one spin degree of freedom which resides on the

8



planar Cu®* sites (one-component model). **Cu®* spins interact with this single copper

spin degree of freedom via the following hyperfine Hamiltonian:
Hyp =% ynh®I(e;)[A(r:)S(r;) + B Y S(r;)] (5)
J

where A is a tensor which represents the direct, on-site coupling of a nuclear ®*Cu spin to
the Cu?®* spins, and B is the strength of super-transferred hyperfine coupling of the %Cu
nuclei to the four nearest neighbor Cu?* spins in the CuO, planes. A contains anisotropic
- dipole-dipole, spin-orbit and isotropic core polarization contributions for Cu-3d orbit, and
B originates from isotropic 4s-Fermi contact interaction through the Cu(3d,2_,2)-O(2po)-
Cu(4s) hybridization.

The single-component description of the NMR experiments in YBCO7 has its basic jus-
tification in the observation by Alloul et al.?® and Takigawa et al.? that the ®*Cu, "0

and #Y Knight shifts see the same spin susceptibility.



2.1 Nuclear Quadrupole Frequency, vg

In the absence of an applied or an internal magnetic field, the remaining Hg gives rise
to doubly degenerate energy levels between which NQR transitions can be induced. For
copper, there exist two isotopes 3Cu and ®Cu both having spin 3/2 and thus two doubly
degenerate +1/2 and 13/2 energy levels. For each isotope, a transition between these

levels yields a single NQR signal at frequency

63,65
6365 _ € QV.. l 2
vo = o (1 4 o), (6)

The EFG tensor is a ground-state property of a crystal depending sensitively on the
charge distribution in the material. In a semiempirical approach, one assumes that the

tensor can be written as the sum of two terms, a lattice and a valence contribution:
Vaa — (1 _ ,Yoo)vallzttice + V;{slence (7)

where ., is the so-called Sternheimer antishielding factor.
The first contribution arises from all charges outside the ion under consideration. Using
the point-charge model, this term is given by
2
k —k
Z:Lf - (S,L'j !:IZ ‘

|

' 3z
Viljattzce — Z qk( ) (8)
k

where ¢* and z* are the charge and the position of the k-th jon, respectively.

The second term in eq.(7) arises from nonfilled shells of the subject ion. For instantnce,
in case of Cu*? jons and taking into account only holes in the Cu 3d,2_,2 orbital, it can be
written as follows:

atence 4 -
Vi = -,fe(r )ad " Naa_y2 (9)

where ng_ 2 is the number of holes in the 3d,2_,. orbital.
Because, in high-T,. cuprates, the positively charged on-site holes predominantly reside
on the d-orbitals extending towards the negatively charged neighbor oxygen ions, the lattice

and the valence contributions in eq.(7) have opposite sign.
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2.2 Knight Shift, K

The magnetic coupling between the nuclear spin and its electronic environment as ex-
pressed by the hyperfine Hamiltonian, Hj; [eq.(4)], can be viewed as a coupling of the
nuclear spin with a time dependent local magnetic hyperfine field, Hp(t), generated by
the electron spin and the electron orbital motion. The static part of Hy(t), (HL(t)), gives
rise to a NMR line shift expressed by the magnetic shift, K,, (which is usually called the
Knight shift), whose components, in the z,y, z reference frame, can be decomposed in a

T-dependent spin and an T-independent orbital part:
Ko =K o(T) + Koo (10)

In the high-7, compounds, K, is predominantly temperature independent, whereas the
temperature dependent K is expected to vanish in the superconducting state due to singlet
spin pairing.

Each part of the K can be expressed by the respective hyperfine interaction and the

static electron susceptibility as
K ! Z A (11)
Vs = — AjaXs,o
gps 5

1
I(orb,a = _OaXorb,a (12)
HB

where x, and X are the local spin and orbital (Van Vleck) susceptibility at an atomic
site, respectively.

According to the Mila-Rice Hamiltonian,?? the 3Cu spin Knight shift component, ® K,
in high-T, cuprates is expressed as follows:

(As +4B)

PR =
s,0 IV,U,B

xs(T) (oo = ab, ) (13)

where x;(7) is assumed to be isotropic. On the other hand, x,,; is expressed as follows:

2 <6|La|g)2
b = §o Al eld) 4
Xorb, 2/1’Bw Ee _ Eg ’ (1 )

where €, g and w denote the excited state, the ground ( = d,2_,2 ) state and the weight of

the ground state in the Cu-O covalent bond, respectively.

11



2.3 Nuclear Spin-Lattice Relaxation Rate, 1/T)

The fluctuating part of Hp(t), §HL(t), is the source of the nuclear spin-lattice relax-
ation. In the case of high-T. compounds, the main contribution to the copper spin-lattice
relaxation stems from the electron spin fluctuations. This contribution is related to the
imaginary part of the dynamical spin susceptibility, x”(g,wo),?” and the relaxation rate

per temperature unit, (717)7!, is given by

1 YnkB 2 Xalg,wo)
= Ay(g)t XelD®o) 15
(TIT) 2 q’£a| (9)] - (15)
Aa(q) = 3 Ajaexp(iq-rj) (16)
2

Here, wy is the nuclear resonance frequency. « denotes the direction of quantization, i.e. the
direction of Hy in NMR experiﬁlent, and ¢ is the direction perpendicular to . A; is the
on-site (r; = 0) and the transferred (r; # 0) hyperfine coupling tensor for the nuclei under
consideration. Thus, relaxation rate per temperature unit provides information about the
g averaged imaginary part of x(g,w).

Accord;mg to the Mila-Rice Hamiltonian,?? (1/T17)’s of ¥Cu are given as follows:

L X"(g,w
SUTTY = I (X )
q
632 J. "(g,w
/T = 2 SIFulaf + g ) (17)
q

The hyperfine form factors are given as follows:

Fu(q) = Aw + 2B[cos(gza) + cos(gya)]

o
~_~
=
~—
il

A + 2B[cos(gya) + cos(gya)] (18)

where a is the distance between Cu atoms.

It has been established that the AF spin fluctuations play the crucial role in 1/7} of
63Cu nuclei in high-T, cuprates showing the superconductivity, whereas for other nuclei the
contribution of the AF spin fluctuations is filtered away through the Mila-Rice hyperfine

form factor.?8)

12



2.4 Nuclear Spin-Spin Relaxation Rate, 1/T5¢

While the nuclear spin-lattice relaxation is caused by a low frequency spin excitations
[X"(g,w, — 0)], the static susceptibility [X'(¢,w = 0) = x'(q)] gives rise to the indirect
nuclear spin-spin coupling which causes the transverse nuclear spin relaxation.?”) Such
Ruderman-Kittel-Kasuya- Yosida (RKKY) like indirect nuclear spin-spin coupling is written

as [a®(ri;)|ma 8 IS, where

[aa‘“(rij)]md—“—‘——( ’YNh > [Aaa(@)]*X'(q) exp(iq - ry5) (19)
g
r;; is the vector connecting the two nuclear spins I; and I;, x(¢) is the static g-dependent
susceptibility, and o is the direction of the magnetic field. Such coupling causes the
transverse nuclear spin relaxation. The transverse nuclear relaxation rate, 1/7T5g, is re-
lated to the nuclear spin-spin coupling constant and can be approximated by a Gaussian,
exp[—(1/2)(t/Tzc)?], where
1
(T;; ind = h2 f‘: a®(rij) i Z[Aaa "(9)*. (20)
i

and c is the natural abundance of the active NMR nuclei isotope. One can see that

(1/T26)ina is determined by x'(q).

The measured relaxation rate contains the additional contribution from the direct dipolar

oy

coupling, af® = (a3}

a;’ )md + (a8 )aip, neglecting the interference term, as follows:

1, 1., 1,

=) = (= + ()i 21
T2G (T2G') d (TZG)dp ( )

where the suffices ind and dip stand for the contributions of the indirect and dipole coupling,
respectively, and the summation over j is taken for the lattice. If only the nuclear dipole-
dipole interaction contributes to 1/Tyg, the results should be temperature independent
with a much slower rate due to the smaller dipolar coupling constants.

In high-T, cuprates, the c-axis component of the indirect nuclear spin-spin coupling
dominates 1/T>q, because ab-components of indirect coupling are much smaller than the
c-component due to the anisotropy of hyperfine coupling. Thus, it is clear that one obtains

information about the g-dependence of x/(¢) from the measurement of 1/T5.

13



2.5 Quasi-particle Density of States in the Superconducting
State

2.5.1 s-wave

In BCS superconductor mediated by electron-phonon interaction, the energy gap opens
over an entire region on the Fermi surface. Since the energy of the quasiparticle is £? =
€2 + A? with ¢ and A being one electron energy measured from the Fermi energy and
superconducting energy gap, respectively, the density of states in the superconducting

states, Ngos(E), is known to be given by

E
NBcs(E) = Ny forE > A

VI(E? - A?)
Npcs(E) = 0 forE <A (22)

where N, is the density of states in the normal state, shown in Fig.I-2(a). Therefore,
various physical quantities obey an exponential-law well below T.. A coherence effect of

quasiparticle scattering inherent to the singlet paired state plays an important role near

T..

2.5.2 d-wave

The gap function of d-wave pairing A(f, $) is complicated, with zero on points and/or
lines on the Fermi surface and then the sign of the order parameter changes in the ¢-space,
reflecting the ¢-dependence of the effective pairing interaction. For example, the order

parameter of 2D d-wave pairing with d,2_,» symmetry is given by
Ag ox cos(gz) — cos(gy) (23)

The density of states, N(E), is shown in Fig.I-2(b). Tt is noteworthy that N(£) exhibits a
logarithmic divergence at the gap edge, whereas it is proportional to ~ E at low energy.

It is a common property of superconductivity due to anisotropic pairing that N(F) in
the quasiparticle excitation spectrum gives rise to a power-law in the low-temperature
behavior of various physical quantities instead of the exponential one for the conventional
s-wave superconductor. In high-7, cuprates, there are a number of evidences that the

energy gap vanishes on lines at the Fermi surface.

14
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2.6 T-dependences of K and 1/7} in the Superconducting State

The Kﬁight shift is the only convenient measure of the local spin susceptibility reflecting
the symmetry of the order parameter, since diamagnetic shielding by supercurrents over-
whelms all other contribution to the bulk susceptibility. In the presence of applied field,
Hp, the spin magnetization, M, i.e. the difference in the number of spin-up and -down

quasiparticles, is

M, = (s = ) = o SUF (e = o) = flex + o)) = 245y 30 L2 g
k k Ck

where f(ex) is the Fermi distribution function for an electron of energy ¢, measured from

the Fermi level. Then

M,
/\W—HO“

o0 d
oy [ N DI = 24N, (25)

—c0
In a singlet s- or d-wave superconducting state, since all ground state pairs contribute
nothing to the spin susceptibility, the populations are given by a f(Ej) with the excited-
state energy, Ej.

It is usually assumed®) that the susceptibility of the superconducting state, ., is related

to the normal-state susceptibility, x,, which is taken as temperature independent, via

Xs(T) = Yi(T)Xn, (26)
where
W)= [~ e ap (27)

is a function which depends on the angular momentum, [, involved in the pairing. N;(E) is
the superconducting density of states. The Yosida function, Y;(T'"), determines the variation
of the Knight shift with temperature. For [ = 0, Yo(T") describes the conventional BCS
weak-coupling spin-singlet s-wave mechanism.??

For the conventional BCS superconductor, Y(T') dies off exponentially like Y (7)) ~
exp(—A/kpT) at low temperature; on the other hand, for a gapless superconductor with
a line of nodes on the Fermi surface, the density of states is proportional to the energy

(x E) at small energies and the Yosida function becomes zero in proportion to ~ T at low

temperature.
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On the other hand, 1/T; in the superconducting state is given as follows:

(1/TyT) Z x"(g,w (28)

- /_ " aB[- ggw B)+ M*(B),

where N(FE) is the density of states
N(E) = (Re[E/(E® — A)Y))rs (29)
and M(FE) is called the anormalous density of states, defined by
M(E) = (RelAw/(B* = A s, (30)

by taking into account the coherence factor present for the s-wave state. For d-wave
state, e.g. 2D d,2_,» symmetry, owing to the weak divergence of N(FE) at the gap edge
together with the absence of M(E) because (A)rs = 0 due to A(G+ Q) = ~A(§) where
Q= (m,m), the coherence peak becomes small, being zero when A/kgT, is large.

Also, for the d-wave states, the density of states is proportional to the energy at low
energies so that we expect a spin-relaxation rate 1/T; ~ T° at low temperature; for the

s-wave states, it vanishes exponentially.
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3 Experimental Procedures
3.1 NMR Apparatus and Measurements

63Cu NMR measurements were performed in a T-range of 1.4—300 K and in the high
magnetic field by use of the superconducting magnet (12 T at 4.2 K) to improve the signal
to noise ratio.

High field NMR measurements of ®*Cu was performed in a cryostat shown in Fig.I-3. The
cryostat enables us to control temperature between T' = 1.4 ~ 300 K and apply field up to
12 T. The sample was set at the center of the superconducting magnet. The temperature
was monitored by Pt thin film (7" > 30 K) and carbon glass thermometer (T < 30 K).
Inhomogeneity of the magnetic field at the center of the superconducting magnet is less
than 107> Tesla. Thus, the precise measurement of the Knight shift is possible.

Spin-echo measurement was ca,rr‘ied out by a conventional phase-coherent home-made
pulsed spectrometer. The block diagram of the typical apparatus is shown in Fig.I-4. ¢3Cu
NMR spectrum arising from the (1/2 « —1/2) central transition was obtained using a
boxcar integrator averaging spin-echo intensity by sweeping magnetic field. 1/7} and 1/Ts¢
Wefe measured by observing the spin-echo intensity after saturation pulse (saturation-
recovery method).

In NMR experiment, the nuclear relaxation function, m(t), for the (1/2 « —1/2) central

transition of I = 3/2 among the quadrupolar spilit lines is expressed as follows:3%)
m(t) = [M(oo) — M(t)]/M(o0) = 0.9 exp(—6t/T}) + 0.1 exp(—t/T}) (31)

where M(t) is the nuclear magnetization at time ¢ after saturation pulse. T} is obtained by
a least square fitting to eq.(31). 1/T; measurements for **Cu were made at f = 125.1 MHz
in a wide T-range of 1.4 ~ 300 K at a magnetic field of ~ 11 T parallel and perpendicular
to the c-axis.

The spin-echo amplitude, E, recorded as a function of time, 7, between the first and

second pulses, could be fitted to the expression®”
2T 1,27
E@ry=F —_— — ()2 32
(2r) = Boexpl—p — 3(20)] (32)

where Tyq, a fitting parameter, is the Gaussian component of the spin-echo decay rate due
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to the spin-spin relaxation process (T, process), and T,p is the Lorentzian-Redfield term,
which stands for the decay rate due to the spin-lattice relaxation process (T} process). Ton
was determined from the expression Ton = (34 R)TT1,*3Y where R is the anisotropy of

the spin-lattice relaxation rate. Ty measurements for **Cu were made at f = 125.1 MHz

in a T-range of 130 ~ 300 K at ~ 11 T parallel to the c-axis.

3.2 Sample Alignment

Cuprate oxides which show high-T, superconductivity have layer structures, in which
several kinds of oxide layers are periodically stacked along the c-axis. Physical properties
in the layerd crystals are highly anisotropic. In this respect, single crystals are preferable
in studies of the intrinsic properties. However, there are reports of growing single crystals
of neither Hg1223 nor T11212 compound. Instead of using single crystals in this work, we
have prepared c-axis-aligned powder sample of Hgl1223 and/or T11212 to investigate the
CuQ, plane characteristics.

To obtain the c-axis-aligned powder sample, the method of Farrell et al.3®) was employed.
The sintered sinéle—phase superconducting pellets were ground to a powder with an average
microcrystalline grain size of 20 pm for NMR measurements, mixed with the stycast 1266
epoxy in a sample case of diameter 6 mm with a typical powder to epoxy ratio of 1 : 2 and
then aligned for 8 hours with an external magnetic field of ~11 T at room temperature
using anisotropic normal-state magnetic susceptibility.

In this work, powder samples and their characterizations of Hgl223 and T11212 are
supplied by Thara group in Electrotechnical Laboratory and Kubo group in Fundamental

Research Laboratories, NEC Corporation, respectively.
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Fig.I-4. Block diagram of phase-coherent pulsed spectrometer.
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Part 11
63Cu NMR Study of

HgBay;CayCu3Og, s (Hgl223)
4 Introduction

Among the mercury-based homologous series of HgBa,Ca,_;Cu,02,42+5 (n=1,2,3,4)
compounds, the n=3 member HgBa;Ca;Cu30s45 (Hgl223) has especially drawn much
interest due to its highest superconducting transition temperature of T,=133 K, the highest
one known to date.®) Furthermore, it was remarkable that T, was largely enhanced to ~
150 K by applying pressure.”) The Hgl223 system consists of three CuQ, sheets, and
there are two crystallographic copper sites, one of which has pyramidal (5 — fold) layers,
while another has a square (4 — fold) layer sandwiched by two Ca layers.®® Therefore,
" the Hgl223 system provides a good opportunity to investigate the relationship between
T. and the number and/or the type of CuQ, sheets, i.e. the role played by each CuOq
sheet in the mechanism of high-7, superconductivity. It is well known that a key factor to
increase T, value is to increase the number of CuQ, layers from one to three. It is, however,
not fully understood why T, in Hgl223 is so high as compared with the Bi- and Tl-based
compounds comprising of three CuOg; layers as well. To elucidate why T, in this system is
so high, i.e. what is the primary factor for T, from a microscopic point of view, 3Cu-NMR
measurements of the Hg1223 system have been carried out.

In this part (IT), in order to unravel the nature of spin correlation and superconductivity
in Hgl223 with the highest 7. to date, it is focused on the nuclear quadrupole frequency,
vg, the Knight shift, K, the nuclear spin-lattice relaxation rate, 1/7}, and the transverse
relaxation rate, 1/Tyqg, of ®*Cu for both the square and the pyramidal CuO; planes in a
T-range of 1.4~300 K under a magnetic field of ~ 11 T.

The rest of this part (II) is organized as follows. The next section 5 contains the
sample synthsis and characterization of Hgl223 compound. The experimental results in
the normal and superconducting states, followed by discussions are presented and analyzed

in the section 6, and a summary in the section 7.
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5 Sample Synthesis and Characterization
5.1 Preparation and Crystal Structure

The Hgl223 single-phase sample was prepared with the high-pressure synthesis
technique.?¥ The source material for the high-pressure synthesis was a mixture of pre-
cursor materials of Ba;CayCuzO7 and yellow HgO. The precursor materials were prepared
by calcining a well-ground mixture of BaCQO3, CaCO3 and CuO powders with a nominal
composition at 930°C for 20 hours in O,. After regrinding and mixing with yellow pow-
dered HgO, the pressed pellets were sealed in a gold capsule of 4 mm diameter and 6 mm
length. The sample capsule was heated in an internal graphite tube at 850°C for 1 hour
under a pressure of 5 GPa. The sample was subsequently quenched to room temperature
before the pressure was released. Finally, the sample was annealed at 300°C for 5 hours in
flowing oxygen gas.

Judging from the powder X-ray diffraction pattern (XRD), the sample was close to the
single phase of Hg1223 to a high degree having the tetragonal structure of the space
group of P4/mmm, presented in Fig.II-1, with lattice constants of ¢ = 3.852 Aand ¢ =
15.822 A.3% The crystal structure of this compound is very similar to that of the single-
layer thalium compound, TISr;Ca;CusOg-s5. The only difference in the crystal structures
between these two compounds is the amount of oxygen deficiency in the Hg-O plane as
compared to that in the T1-O plane. In the Hg1223 structure, the oxygen atom is nearly
absent in the Hg-O plane in a stoichiometric composition. Defects within the Hg-O layers
are found to determine the T, of this compound.

The superconducting transion temperature, T,, was determined as 133 K at the onset

temperature of the diamagnetic signal appearing in ac-susceptibility.
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Fig.II-1. Crystal-structure model of HgBa,;Ca,CuzOs.s (Hgl223).



5.2 Characterization

Figure II-2(a) shows the temperature dependence of the resistivity for the sample an-
nealed for 5 hours (open circles) in comparison with the preannealed sample (triangles).3%
The onset of T, value of the annealed sample is 131.6 K, which is higher than that of 115.2 K
for the preannealed sample. It is noted that the transition is sharp, and that the resistivity
in the normal state has a linear relationship with the temperature for both samples. The
resistivity of the annealed sample increased in comparison with the preannealed sample by
a factor of three, which is caused partly by the decrease of carrier concentration. Annealing
for 10 hours caused a resistivity higher by a factor of seven and a slight increase of T, by
1.0 K in comparison with annealing for 5 hours.3%

Figure I1-2(b) shows the zero-field cooling (ZFC) magnetic susceptibility for the 5-hour-
annealed sample, which shows an onset temperature of the superconducting transition of
131.7 K.3 The onset temperature is in agreement with the onset value measured resistivity.
In the external field of H = 10 Oe, the zero-field cooling susceptibility (ZFC) amounts to
~ 30% of 1/4x at T = 10 K. The value is smaller than flle result of Schilling et al.%) (100
%) by a factor of three. The field cooling susceptibility (FC), however, amounts to ~ 25%
of 1/4m at T = 10 K, which is larger than that of Schilling et al.%) (10 %) by a factor of
two. Susceptibility decreases steeply and monotonically with the decrease of temperature.

This indicates that the sample consists of a single superconducting phase of Hgl223.
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5.3 Pressure Effect on 7T,

Figure 1I-3 shows the pressure effect on the ons‘et Te, (T:0), for the Hgl223 phase sample
and the Hgl223 and 1234 mixed-phase samples A and B.*®) Mixed-phase sample B was
measured after it was left for 1 week in a desicéator after being cut from the same lot
sample as sample A. For mixed-phase sample A, T, has the highest value of 156 K at 25
GPa. The Ty value of the present Hgl223 and Hgl234 mixed-phase sample A is higher
than the value of the Hgl223 phase sample of Chu et al.”) (153 K) by 3 K. The maximum
Two of the Hg1223 single phase sample is 140 K at 13 GPa. The T, value of the present
Hg1223 phase sample is, however, lower than the value of the Hg1223 phase sample of Chu
et al.”) by 13 K. The maximum T, of the mixed-phase sample B is 149 K at 25 GPa.
The difference in the T,5-P curve and rate of d7y/dP between mixed-phase sample A and
B are caused by the deterioration due to the absorption of CO; and H,0 in air, because
sample B was left in a desiccator for 1 week. The lower T, of the present Hgl223 phase
compared with that of the Hg1234 mixed-phase is not caused by the deterioration. These
results suggest that the sample of Chu et al.”) probably contains some of the Hg1234 phase
in addition to the Hg1223 phase.
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6 Experimental Results and Discussions
6.1 Static Properties in the Normal State
6.1.1 %Cu NMR Spectra

Figures I1-4(a) and (b) show the *Cu NMR spectra at T = 140 K and f = 125.1 MHz for
the central transition (1/2 « —1/2) in partially-aligned powder with the c-axis parallel and
perpendicular to the external magnetic field, H, respectively. In Fig.II-4(b), where ¢ 1 H,
there are two well-resolved peaks corresponding to two different Cu sites in the pyramidal
and the square CuQ; planes. On the other hand, in Fig.Il-4(a), where ¢||H, two peaks
in lower field region arise from the oriented powder with the c-axis parallel to the field,
while the broad spectrum with a single peak in higher field region is associated with the
unoriented powder. This is because the spectrum for the unoriented powder is distributed
with two peaks for each Cu site as denoted by arrows in Fig.II-4(a), where solid and dash
arrows correspond to the peaks arising from grains with § = 90° and 41.8° to the c-axis,
respectively. As expected, the position of the single peak in high field region in Fig.II-4(a)
coincides with that for the spectrum with the narrower linewidth in Fig.II-4(b) for ¢ L H.
From the integrated intensity ratio of the spectra with the two peaks in low field region to
the broad spectrum with the single peak, a fraction of the oriented powder with the c-axis
parallel to the field is anticipated to be ~ 60% of the whole powder. Furthermore, from the
ratio of the relative integrated intensity of the well-resolved two spectra for the oriented
powder, i.e. of the sharp to broad NMR line being about one-second, it is deduced that
the higher- and the lower-field peaks are assigned to 4— and 5 — fold Cu sites, respectively,
because the number of Cu site for the former is one-second of that for the latter.

The full-width at the half-maximum (FWHM) of the NMR spectra for ¢||H are relatively
narrow with about ~ 80 and ~ 130 Oe for 4— and 5 — fold sites, respectively, assuring
that the sample possesses better quality than Bi-*®) and Tl-based compounds.'®: 37 38)

For ¢ L H, it is likely that the spectrum for each Cu site may overlap with the peaks
for 0 = 41.8° (dash arrows in Fig.Il-4(a)) arising from the unoriented powder. However,
since Tj for ¢ L H has been determined with a single component as described later, some

contribution to the spectrum from the unoriented powder is considered to be negligible if
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any.

On the other hand, for ¢||H, it was not possible to measure 7} for both Cu sites separately
at low temperature because the spectrum for one Cu site overlaps with another upon
lowering temperature below 60 K due to nearly the same value of the Knight shift, as seen
in Fig.II-5(a), in contrast to the case of ¢ L H, shown in Fig.II-5(b). Accordingly, the
T-dependence of (1/T}) below T, is presented only in case of ¢ L H, as will be described
in Sec.6.3.1.
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6.1.2 %y and Local Hole Density

The nuclear quadrupole frequency, vg, for each Cu site was estimated from the analysis
of the series of NMR spectra.

In the presence of a large external magnetic field, Ho, i.e. Hg < Hyz, the NMR signal is
split into a central line arising from the central transition, (1/2 « —1/2), and into satellite
lines for each isotope and each site. When H is perpendicular to the c-axis, the obtained
shift consists of the Knight shift and the second-order quadrupolar shift. The Knight shift

component, K,; and vg of ®*Cu can be expressed for the central transition (1/2 < —1/2)

according to the second-order perturbation theory as follows:2! 39
W - 7NH1'es - 31/(22
- oK, 33
’)’NHres tab + 16(1 + A,a,b)(PYN-‘T»Ire.s)2 ( )

where H,.s is the field where the resonance is observed, vy is the nuclear gyromagnetic
ratio and w is the NMR frequency, respectively. K, and vg were determined from the
extrapolation to zero of (yy H,.s)~2 and the slope of line, respectively. In order to deterlﬁine
the Knight and the quadrupolar shift separately, the measurements of the spectra have been
performed at several different frequencies in a range of 80.1 ~ 125.1 MHz, as seen in Fig.II-
6. The shift was determined from the gravity of the spectra. The result of the Knight shift
will be described in Sec.6.1.3. 3vg are estimated to be ~ 10.2 and ~ 16.1 MHz for 4— and
5 — fold site, respectively. These ®vg’s are similar to those in T12223,%) whose crystal
structure is similar to that of Hg1223 system, and are the smallest values reported so far.

As mentioned in Sec.2.1, vy probes the local hole density at each site. For high-T.
cuprates, the observed vg is dominated by the contribution from the asymmetry of the
on-site electron distribution, i.e. the Sternheimer antishielding factor, 4, is negligible.%)
Schwarz et al%® indicated that the on-site contribution was from not only 3d,2_,2 holes
but also 4p electrons. Thus, the observed ®vg is related to the hole density, n,2_,2, as
follows;

Brg =ng_e2 P rge+% vy ‘ (34)

1e5Q e 4

63 _ 1 4, -3
Y0 = 3] dmeg7 VN
where g (= 117 MHz) is the quadrupolar frequency due to one-hole state of 3d® by

(35)

using the Hartree-Fock value (r~3); = 8.269 a.u..!) v, was estimated as —69 MHz by
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Ohta et al..*¥ By using these values, n,2_,» was estimated as ~ 0.68 and ~ 0.73 for 4—

-y
and 5 — fold sites, respectively, smaller than those in cuprates reported so far, in the range

of 0.7 ~ 0.9 such as La- and Y-systems.*?
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6.1.3 %K and Hyperfine Coupling Constants

Figure 1I-7 shows the T-dependence of the Knight shifts perpendicular, 3K, and par-
allel, 3K, to the c-axis for 4— and 5 — fold sites. In the normal state, K, and K,
decrease with decreasing temperature below around 250 K for both sites, which is similar
to the behavior observed in Bi2212,%%) T12223%") and ortho-T12201%® as well, although the
origin and the relationship to the superconducting are still unclear.

The T-decreasing behavior of ¥ K, is in contrast to the T-independence of ® K, in lightly-
doped LSCO,* Y124%) and YBCOg;,.24 For the latter, the T-independent orbital contri-
bution dominates the K, as a result of cancellation of the hyperfine field along the c-axis.

As seen in Fig.II-8, a linear relationship between K, (T) and % K,,(T) is obtained as

follows:

BK(T) = Ku(T) x 0.43 4+ 1.06 (4 — fold)

SE(T) = BK,(T)x048+1.09  (5— fold) (36)

From eq.(13), the observed linear relationship expressed by eqs.(36) leads to the following

relationship:
08K, _ K. _ A.+4B (37)
0% K - 631\"3,(,1) - A + 4B’

0K, /0% K, is obtained as ~0.43 and ~0.48 and then from these values, B is estimated

to be ~ 80 and ~ 90 kOe/pup for 4— and 5 — fold sites, respectively. Here the on-site
hyperfine field is assumed to be the same as A, ~ 37 kOe/up and A, ~ —170 kQe/ug for
lightly-doped compounds?® 44 %) and YBCO7.% 47 48 Remarkably, the supertransferred
hyperfine fields, B’s, for both sites in Hgl1223 are larger than B ~ 40 kOe/up in lightly-
doped compounds? 45 and YBCO,,% 47 %) gimilar to that for Bi-*® and Tl-based
compounds.?” %) This suggests that Cu(3d,2_,2)-O(2pc)-Cu(4s) hybridization is stronger
than that in lightly-doped compounds and YBCO-, since the B-term originated from the

interaction from the neighbor Cu spins via the covalency effect between Cu and O.
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6.2 Character of Spin Fluctuation in the Normal State
6.2.1 53(1/T})

| Figures II-9(a) and (b) show the relaxation curve of m(t) plotted against the time, ¢,
after saturation pulse in Hgl1223 at 7' = 140 K for 4— and 5— fold sites, respectively, under
the magnetic field of ~ 11 T perpendicular to the c-axis. Solid lines in the figures are the
best fit to eq.(31). As shown in figures, the data above T, was well fitted by eq.(31) with
a single 77 component, suggesting that some contribution from the unoriented powder is
considered to be negligible if any. Similarly, for ¢||H, the data was also well fitted with
single Ty component above T, as seen in Figs.I-10(a) and (b) for 4— and 5 — fold sites,
respectively. It is suggested that the effect of overlapping with the spectrum for one Cu
site with another one is also considered to be negligible. Thus, 7} is estimated accurately
for both cases of ¢ L H and ¢||H in the normal state.

Figure I1-11 shows the T-dependences of ®(1/TiT) for ¢ || H and ¢ L H. As seen in
the figure, ®(1/T\T'), and ®(1/TyT ). have a broad peak around T* ~160 K (just above
T.), followed by a Curie-Weiss like behavior above T* for both 4— and 5 — fold sites. This
Curie-Weiss like behavior of ¢3(1/T,T) is observed in most of high-7, cuprates.

In genaral, for the nearly antiferromagnetic metal, 1/7\T is dominated by the spin
fluctuation around the staggered component, g = (m,m), and as a result is proportional
to the staggerd spin susceptibility, xg, in two dimensional case. The Curie-Weiss like
behavior for xg is compatible with the prediction by the phenomenological treatments
in the antiferromagnetic Fermi liquid model,'® the self-consistent renormalization (SCR)
theory!”) and the random phase approximation (RPA) with nesting Fermi surface for the
Hubbard model'® or the t-J model.'® Recently, it is shown that the experimental Curie-
Weiss-type T-dependence of the staggered spin susceptibility, xg, at high temperatures is
well reproduced by the SCR calculation but not by the RPA, from the quantitative analysis
of the staggered spin susceptibility in YBCO7 and Y124.*) This result means that the
experimental Curie-Weiss-type T-dependence of xq for the high-T, cuprates results from
the SCR antiferromagnetic spin fluctuations through a mode-mode coupling. Therefore,

the Curie-Weiss like behavior of ®3(1/T,T) in Hgl1223 probes the presence of the AF spin
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correlations.

A strong signature of AF spin correlation with @ = (m,7) is also supported by the
anisotropy of the nuclear spin-lattice relaxation rate of ®*Cu shown in the inset of Fig.II-
11, ie. BR=%1/T\T)u/(1/TiT). being nearly T-independent with R ~ 2.0 and ~1.9
for 4— and 5 — fold sites, respectively.

In general, 1/T7T is expressed by eq.(17). The g-dependence of the hyperfine form factors,
see eq.(18), is shown in Fig.II-12. Therefore, ®R reflects indirectly the ¢-dependence of
spin fluctuations.!® 48) Actually, ®3R is evaluated using A, and B in two specialized cases.
In case in which the spin fluctuations are largely dominated by the AF spin correlations

around @ = (m, ), from such an expression as

(Awp —4B)? + (A. — 4B)?

63 _
Rar = 2(Ag — 4B)?

(38)

83 Rar is calculated as 2 and 1.85 with B=80 and 90 kOe/up for 4— and 5 — fold sites,
respectively. Provided that the spin fluctuations are g-independent, from such an expression

as
(A%, +4B%) + (A2 4+ 4B%)
2(A2, +4B?)

63 R, is calculated as 1.5 and 1.4 as well. Apparently, the experimental values, ®*R = 2.0

BR, = (39)

and 1.9 are close to the former case, as seen in Fig.II-13 together with the results for
YBCO;.59 1t is signaling that the x”(q,w) at low energy prevails around Q = (r, ).

When the dominant part of the spin fluctuations is the mode around the staggered com-

ponent, () = (7, ), an expansion form may be used for the dynamical susceptibility'® 17

_ XQ+q
MQ+aw) = AT — (10)

with

Xo+s = Xxo/(1+¢*€%)
Lo+e = Fo(l+¢%€%)
xXo = af’ (41)

where the parameters, xg,g, £ and a are the staggered susceptibility, the characteristic

energy of the spin fluctuations around ¢ = @), the magnetic coherence length and a scale
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factor to relate yg to &2, respectively. This form is generic if the ground state is a Fermi-
liquid state. Millis, Monien and Pines'® and Monien, Pines and Takigawa” used this form
to analyze the experimental data of 1/7} in YBCO, and explained its behavior as well.

Assuming a Lorentzian form for the energy distribution as

X”(Q + q7w) _ XQ Fq

= 42
w 1+ ¢*2w? + 172 (42)
for the system with strong AF spin correlations,
2k
B(1/TyT). ~ B (4, — 4B 2E r 43
(/1T = B (4, 4B 2% (x a/To) (43)

is derived since w — 0. In order to obtain information on the energy distributions of
AF spin correlations in Hgl1223, the T-dependence of ®*(1/T,T). divided by the square of
the form factor at ¢ = Q, i.e. (A — 4B)? (x xo/Tg€?), is shown in Fig.II-14, together
with the results for YBCO7.¥ It is found that xq/T'¢é?’s in Hgl223 are more significantly
suppressed than that in YBCO-.

From the anisotropy and the Curie-Weiss law of ®*(1/TyT), it is shown that the ¢-
dependence of the spin fluctuations, i.e. x, peaks around ¢ = @ for both YBCO; and
Hgl1223, whereas from a considerable reduction of 3(1/7,T)./(Aw — 4B)? in going from
YBCO7 to Hgl223, I'g¢? is suggested to be significantly enhanced. Namely, an
enhancement of [gé? is anticipated to increase T, from 93 K for YBCO; to 133 K for
Hg1223.
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6.2.2 1/

As demonstrated by Pennington et al,?”) the measurement of the nuclear transverse
relaxation rate, 1/T5q, provides an important information with respect to the static ¢
dependent spin susceptibility, x,, which is complementary to the information from the

83(1/T,T). A general expression for 1/Ty is derived with the use of x, as®! 52

LQ_OGQNTL

(7 D Fo)'x? [ZF Skt (44)

By applying eq.(42) in the limit of large £ to the above expression, the following expression

is obtained as follows:

1 0.69 1/2 yjz\f/l 2XQ
~ (A, —4B)" ~~(x a 45

Thus, 1/Tyq is related to o< €(T') o 1/xo(T).

Figure II-15 shows the *Cu nuclear spin-echo decay at T = 140 K for 4— (o) and 5— fold
(e) sites, respectively, plotted against ¢, where ¢ is the time interval between the /2 pulse
and the spin-echo. The spin-echo decay curves (the solid lines) was well fitted to eq.(32).

In order to determine 1/T5¢ accurately, the line width of the NMR spectrum must be
small compared with the r f-exciting field, because the nuclear spins are uniformly flipped
by the exciting pulse. If the spin-excitation is incomplete, the spin-echo decay times comes
to be longer. The strength of the r f-exciting field, Hy, used in the measurements are about
~ 80 and ~ 130 Oe for 4— and 5 — fold site, respectively, estimated from the widfh of
r f-pulse, which are the same value as each FWHM of ®3Cu NMR spectrum, and the fitting
to the experimental points appears satisfactory, as seen in Fig.II-15. So, most of spins may
be flipped. In practice, the H;-dependece of 1/Ty; in the normal state is measured, and
confirmed a saturated behavior for both sites.

Figure 1I-16 shows the T-dependence of 1/T5; in Hgl223 for 4 — (o) and 5 — fold(e)
sites, respectively, together with the result for YBCO;.5®) A remarkable feature is that
1/T, for both sites increase with decreasing temperature followed by a peak around T* ~
150 K, which is almost the same temperature at which ®3(1/7,T) shows a broad peak. This
behavior is similar to that observed in T12223,3") with similar crystal structure to Hgl223,

but different from that in lightly-doped YBCOggs®") and Y124,%9 showing a spin-gap like
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behavior, where 1/T¢ continuously increases until just above T., while ®(1/T,T") shows a
broad peak near ~ 150 K.

As seen in eq.(45), &’s for both sites increase with decreasing temperature down to T*. It
is suggested that the spin correlation grows stronger with decreasing temperature. Also, it
is found that the magnutude of € for 4 — fold site is larger than that for 5 — fold one, if the
scale factor, o, is invariable for both sites, as shown in the inset of Fig.II-16. It suggests
that the spin correlation in the 4 — fold CuO; plane is stronger than that in the 5 — fold
one, So, it is expected that the magnetic property in the 4 — fold CuO; plane may be
very important for the primary factor for higher 7. in Hg1223. This is in contrast with the
electron-doped high-T, compounds, such as Nd-system having only a square CuQ, plane
and a low value of T..

It was also confirmed that (1/T3g)? resembles the T-dependence of %*(1/TyT) with

8(T\T)./(Tzc)? being nearly constant as seen in Fig.II-17. Such a formula as

SB(T\T). 0.69(%3yh)?F.(Q)* 63
ey = 16718, hp (2 x™ R—1)(xehlq) (46)

derived for large € allows us to estimate the product of the characteristic energy and the
staggered susceptibility of spin fluctuations at @ = (m, ), xohl'g (~ [g€?). It should be
noted that the xghl'g is estimated to be ~ 5.4 and ~ 3.1 for the square and the pyramidal
CuO, planes in Hgl223, respectively (e.g. xohlg = 3.5 for YBCO7),5% % as seen in the
inset of Fig.II-17. It is remarkable that the value of yo['g for the square site is larger than
that for YBCO4, although that for the pyramidal site is almost the same.

Zheng et al3) revealed, by analysing the 7} and The data in T12223 compound with
triple CuO, sheets on the Millis, Monien and Pines (MMP) model, xg = Xs1/3%,'%) where
B is a scale factor, that xghl'g (~ 5.1) was larger than that in YBCO7 and that, especially,
'y was larger than that in YBCO5, while ¢ did not differ much from each other.

Moriya et al.!® and Monthoux and Pines (MP)®®) showed that the cutoff energy for the
effectiveness. of the spin-fluctuation-induced attractive interaction for superconductivity
scales with the value of the characteristic energy, I'g, and the magnetic coherence length
of the AF spin fluctuation, £&. In MP’s expression, T, = I'g(£/a)*((1 — §)/0.79) exp(—1/))
(x x@l'g), where 0.42< X <0.48. In this context, the higher 7. in Hg1223 may qualitatively
be ascribed to the larger xoI'g for the square CuO, plane site than that for YBCO;.
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6.3 Symmetry of Pairing State

The symmetry of the pairing state of high-7, cuprates is a matter of much controversy.
The nature of the pairing state is important because different pairing mechanisms can
yield different pairing state. Standard phonon-mediated superconductivity gives rise to
a spin-singlet, orbital s-wave pairing state, but some spin-fluctuation models have spin-
siglet, orbital d-wave pairing.!® 56 57 58) Thus, the knowledge of the pairing state can aid

in distinguishing between the mechanisms of high-T, superconductivity.

6.3.1 $3(1/T})

As mentioned in Sec.6.1.1, for ¢||H, it was not possible to measure T; for each Cu
site separately because the spectrum for one Cu site overlaps with another upon lowering
temperature below 60 K due to nearly the same value of the Knight shift. Accordingly, the
T-dependence of %3(1/T;) below T, is presented only in case of H L c.

Figures II-18(a) and (b) display m(t) for the square Cu site plotted against ¢ at T =
40 K and 10 K, respectively. Solid line in Fig.II-18(a) indicates a best fit with a single
T component in eq.(31). On the other hand, short 3T} components become appreciable
in T' < 30 K as seen in Fig.II-18(b), associated with the presence of vortex cores. A
prominent finding is, however, that all the ®3T} components follow the TyT = const. law
below 7 K as proved from the results that m(t) plotted against the time (¢) multiplied
by the temperature, t - 7', is on a single curve as indicated in Fig.II-19. To display an
overall T-dependence of ®3(1/T}),; below T, a long component of %3(1/7}),, below 30 K is
tentatively extracted from a fit of eq.(31) to the data of m(¢) smaller than 0.5 as indicated
by solid line in Fig.II-18(b).

Figures 1I-20(a) and (b) show the T-dependence of ®*(1/T})a (o) below T, for 4— and
5 — fold site, respectively, under a magnetic field of ~ 11 T. The magnitude of uncertainty
of the data is comparable to the size of symbol. For both sites, 63(1/T1)as reveals a similar
relaxation behavior to most of high-T, cuprates, i.e. a power-law like behavior without any
coherence peak followed by T;T' = const. behavior well below 7.

The relaxation behavior in the superconducting mixed state is affected by normal fluxoid

cores. An array of fluxoids gives rise to two different relaxation processes: (a) the thermal
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fluctuation of fluxoids which generates the transverse fluctuating field,*® and (b) the spin
diffusion to vortex cores.’?) In the former, 1/T} should be suppressed with increasing field,
whereas in the latter, 1/7; is enhanced with increasing the number of fluxoids. The nuclear
relaxation measurements in the superconducting mixed state were reported in YBCO,% 62)
and Y124%%) thus far. From the result that 1/7} is linearly enhanced by the magnetic
field, the nuclear relaxation for these compounds was shown to be dominated by the spin
diffusion process to vortex cores. By contrast, 3(1/7}) for Bi2212%) and T12223,5% which
followed the T1T'=const. law, did not reveal any appreciable field dependence down to low
temperatures. As a result, the relaxation behavior in these compounds was concluded to be
dominated by the presence of residual DOS at the Fermi level, as seen in Fig.II-22(a). As

4,36, 44, 64, 65) the gapless superconductivity caused

discussed extensively in the literatures,
by some imperfections presenting in the crystals provided an important clue to address the
pairing state for high-7, cuprates to be of a d-wave type whére the nonmagnetic potential
scattering acts as pair-breaker.

The magnetic field dependences of 6(1/T}),; at low-T in Hg1223 for both Cu sites were

measured in a field range of 6 — 11 T. Below 7 K, where all the %37} components follow

the T\T = const. law, ®3(1/T}) is well fitted by
(1/T))ap = a + bH (47)

for both Cu sites as displayed in Figs.II-21(a) and (b). In a rapid spin diffusion limit, which

is valid in low-T" and high-field, 1/7} can be expressed as follows:®®)

(1/T1)Obs,i = (1/T1n - l/TIS)i%é.jfk + (1/Tls)i (i7j7 k=a, b> C) (48)

where 1/7},, and 1/T}s are the relaxation rates in and out of vortex cores, ® is the flux
quantum and §&; is the coherence length along the i-direction, respectively. A good corre-

spondence between the experiment and the theory is obtained with such relations as

a=(1/T) (49)

b=(1/T, — 1/Tls)% (50)

Here, 1/T}; inherent to the superconducting state is determined from the extrapolation to

zero field. Below 7 K, it is remarkable that ®3(1/T},) follows the T}, = const. law which is
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indicative of the gapless nature of superconductivity. Furthermore, since %3(1/7})q, above
7 K was also confirmed to follow the eq.(48), the T-dependence of ®3(1/T},) is plotted by
closed circles (o) in the Figs.I1-20(a) and (b) together with the results below 7 K. It is
substantial that %3(1/T},) decreases over four orders of magnitude below 7, and behaves as
T\T = const. below 7K. In contrast to the case for Bi2212%) and T12223,%9) the relaxation
behavior in the mixed state at low-T" for Hg1223 is significantly affected by the spin diffusion
process to vortex cores. On the other hand, the superconductivity has been found to be in
the gapless state as well. In order to compare the fraction of the residual DOS presenting
in Hg1223 with that in T12223,%% (1/T1,T) normalized by the value at T. is related to a

residual fraction of DOS from a formula

(1/TlsT) - Nres 2
(1/TyT)r, No )

(51)

where Ny is defined as an effective DOS at T,. A fraction of N,.,/Ny is a measure to address
to what extent the effective DOS is lost due to the onset of superconductivity. N,.s/Ny for
Hgl1223 is estimated to be ~ 0.05, which is very smaller than N,,/Ny ~ 0.3 for T12223.64

Next, we analyze the T-dependence of %*(1/T},) below T, for both sites in terms of
the 2D gapless d-wave model with line nodes at the cylindrical Fermi surface as A(¢) =
A(T) cos 2¢ with d,2.,2 symmetry where the residual DOS, N,.,, at the Fermi level is
taken into account. The gapless d-wave model explained consistently the NMR results in

Zn-doped YBCO7,) LSCO (x>0.20),) Bi2212,39) T12223%) and T12201.8%) As extensively

67, 68, 69, 70) such residual DOS is produced at the Fermi level by

argued in the literatures,
treating the impurity scattering in terms of the unitarity limit in the d-wave model. 1t is
crucial that not only the magnetic impurity scattering, but also the potential scattering
by some imperfections bring about the pair breaking effect. As indicated by solid lines in
Figs.11-20(a) and (b), ®3(1/Tys) is well reproduced with parameters of 2A/kgT, = 8 and
Nyes/No = 0.05. The reduction rate of T, by impurity scattering, AT./T.y, for d-wave
superconductor is investigated,” shown in Fig.11-22(b), and is estimated to be as small
as 0.02 for N,.,/No = 0.05, which is smaller than AT,/To = 0.13 for N,.,/Ny = 0.30 in
T12223.59 This result points to the better quality of Hg1223 than T12223,%9) as supported

also from the narrower NMR. line width.
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6.3.2 K

In the superconducting state, it is suggested that the Copper-pair is spin-singlet from a
sudden and large decrease of the Knight shift components below 7., as seen in Fig.1I-7.

For ¢||H, it is not possible to determine separately the accurate value of 83K, for each Cu
site at low temperature because the spectrum for one Cu site overlaps with another upon
lowering temperature below 60 K due to nearly the same value of K, as mentioned in
Sec.6.1.1. Further, the effect of a diamagnetic shielding by supercurrents and a change of
the value of the Knight shift component are larger and smaller than those in case of ¢ L H,
respectively. Accordingly, the T-dependence of K, below T, is presented in case of ¢ L
H.

Figure I1-23 shows the T-dependence of the spin Knight shift, 3K, normalized by the
value at T, ® K'7,, under the magnetic field perpendicular to the c-axis. %K, is extracted by
substracting K., from the raw Knight shift data. Since 3K, is proportional to n,2_ e,
% Kors’s are estimated to be 0.19 and 0.20 % for 4— and 5— fold sites, respectively, using the
values for YBCO7 [ n,2_,2 = 0.86, 3K, = 0.24 % ].9 A solid line is calculated by using the
2D gapless d-wave model with the same parameters (2A/kgT, = 8 and N,.,/No - 0.05) as
in the analysis of the results of T, which satisfactorily interprets the experimental results
as well. Thus, both the results of the Knight shift and 1/T; are consistently understood
in term of the 2D gapless d-wave model with very small N,.,. This result shows that
the anisotropic superconductivity is realized in Hgl223. Together with the results in the
normal state, it is suggested that the spin fluctuation plays an important role in the pairing
mechanism. Also, the small N, indicates that Hg1223 is the best compound among Bi-¢)

and Tl-based ones,'® 37 as supported also from the narrowest NMR, line width.
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7 Summary

The static magnetic property and the spin dynamics in Hg1223 compound were investi-
gated by measuring the nuclear quadupole frequency, vg, the Knight shift, K, the nuclear
spin-lattice relaxation rate, 1 /Ty, and the nuclear spin-spin relaxation rate, 1/T}¢, of 3Cu.
From the measurements of vg, K(T) and 1/T1T of *Cu in the normal state, it has been
clarified that the local hole carrier density on Cu site, n,2_,2, the supertransferred hyperfine
field from the nearest neighbor Cu site, B, and ®3(1/71T)./(Aaw — 4B)* (x xg/To€?) are
quite smaller, more significantly enhanced and reduced, respectively, than those in YBCO,
and the lightly-doped compounds. Also, from the Curie-Weiss law and the anisotropy of
(1/T1T), it has been shown that the staggered susceptibility, X¢q should be peaked around
Q = (m,m). Consequently, the appreciable reduction of ®*(1/TyT)./( Awy—4B)? as compared
with that in YBCO7 has been pointed out to be due to the increase of I'gé? in Hgl223, as
expected from the relation of -, o X"(g,wn)/wn ~ xg/Tg€?. This result is supported by
the measurement of 1/T5¢ of ®3*Cu in the normal state. From the analysis of 3 (1/1\T) and
1/T>q, the values of the product of the staggered susceptibility, X@, and the characteristic
energy, I'g, of the AF spin fluctuation, xoI'g, have separately been deduced, and then the
value (~ 5.4) of xoI'g for the square CuQ, plane site has been found to be markedly larger
than that for the pyramidal plane in Hgl223 (~ 3.1) and YBCO; (~ 3.5). A larger value
of xgl'g for the square plane seems to make 7T, increase from 93 K for YBCO; to 133 K
for Hg1223. Together with the recent result on T12223, the large xol'g is suggested to be
the reason for the high T, for the cuprates with three CuO; planes. This experimen-
tal signature is consistent with the spin-fluctuation-induced superconducting
mechanism, which predicts the higher T, for the larger yol'g, provided that the spin
fluctuation is peaked around @ = (m,7).

On the other hand, in the superconducting mixed state in Hg1223, 83(1/Ty) reveals a
similar relaxation behavior to most of high-T, cuprates, i.e. a power-law like behavior
without any coherence peak followed by T)T = const. behavior well below 7. It suggested
that the anisotropic superconductivity is realized in this system. Also, 63(1 /T1) has revealed

the T1T=const. law at low temperatures with a linear magnetic field dependence below 7
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K, regardless of its distribution. The latter experimental signature was consistent with the
relaxation process characteristic for the spin diffusion to vortex cores as well as for YBCO
and Y124 reported so far. By eliminating the contribution to T associated with fluxoids,
the value of TiT=const. inherent to the superconducting state has been deduced. As a
result, the superconducting state of Hg1223 is concluded to be of gapless type with a finite
DOS at the Fermi level, which amounts to ~ 5% of the value at T;, N,.;/No ~ 0.05.
Based on the 2D d-wave model, it has been shown that this gapless state, which is possibly
produced by some imperfections, produces a small T,-reduction rate of AT,/T,, ~ 0.02 for
N,.es/N(; ~ 0.05, which is smaller than AT, /T,y ~ 0.13 for N,.;/No ~ 0.3 in T12223. One
of the origins for the higher value of T, in Hg1223 than in T12223 is hence ascribed to the

better quality of Hgl223, as supported by the narrow NMR spectra.
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Part 111 |
63Cu NMR Study of

T1Sr,CaCuy0,_s (T11212)

8 Introduction

TISr,CaCuy 075 (T11212) compound consists of two pyramidal CuO, layers in the
unit cell where Cu is surrounded by pyramidal oxygens like YBCOQOg,, compounds but
without the CuO chain structure.”® So, Cu atoms have single site crystallographically.
T. of these compounds shows a gradual reduction from 70 K to 0 K as oxygen content
is increased,” assuring that T11212 is a typical material belonging to so-called heavily-
doped superconductor as in T12201 system.'¥ The Hall coefficient, R, and the electronic
resistivity, p, have anomalous 7-dependence in the normal state, as seen in other high-
T. compounds. The former for all oxygen content shows a broad peak around 100~140
K, above which Hall number, ngy = 1/Rge, shows T-linear dependence. The latter, on
the other hand, shows the power-law T-dependence of p = pp + T™ and the exponent, n,
gradually changes from 1 to 2 with decreasing T, i.e. with increasing hole.” .

Thus far, a systematic experiment on the heavily-doped system is the only case for
T12201 compounds with a single CuQ; layer.'® The remarkable finding is that the AF
spin correlation disappears in non-superconducting T12201 compound, suggesting that the
AF spin correlation is responsible for the occurrence of the superconductivity.'®) Therefore,
in order to establish further the magnetic and superconducting properties in heavily-doped
superconductors with double CuQ; layers from the microscopic point of view, extensive
63Cu NMR studies have been carried out in T11212 compounds.

Most remarkably, it is reported that the carrier density is so largely changed as to cover
from heavily- to lightly-doped system by partially substituting lutetium (Lu3t) into Ca?*
sites.”™ So, the systematic studies from lightly- to heavily-doped region can be made on
this series of compounds. Lu-doped T11212 exhibits a spin-gap behavior in lightly-doped
region, which is the common behavior in lightly-doped bi-layered high-7, compounds. In

this compound, the disorder is induced into the Ca(Lu) layers sandwiched by CuO, bi-
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layers. In order to clarify the origin of the spin-gap, that is, the relation between the
spin-gap and the number of CuQ, layers, the exsistence of the CuO chain and/or the
disorder in the lightly-doped high-T, compounds, **Cu and ?*T] NMR measurements have
been carried out in Lu-doped T11212 compounds.

In this part (III), from the measurements of the quadrupole frequency, ®3vq, the Knight
shift, K, the nuclear-spin lattice relaxation rate, ®(1/T}), and the nuclear spin-spin
relaxation rate, 1/T2¢, the magnetic and superconducting properties are investigated on
heavily-doped T11212 in the section 10, and further compared with a part of results on

Lu-doped T11212 in the section 11.
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9 Sample
9.1 Preparation, Structure and Phase Diagram

The T11212 polycrystalline samples were prepared by the conventional solid-state re-
action method.™ TI1,03, SrO, CaO and CuO powders were mixed, pressed into a pellet,
sealed in a gold crucible, and sintered in oxygen at about 900°C for several days with several
intermediate grindings. The sample quality is very sensitive to the preparation conditions
such as sintering temperature, probably because of the large volatility of TI.

The crystal structure was examined by X-ray diffraction experiment.” X-ray diffraction
did not show any impurity phase for all compounds, that is, the samples were confirmed
to be almost of single-phase. All peaks of the X-ray diffraction pattern could be assigned
to those for the crystal-structure model (tetragonal space group P4/mmm), presented
in Fig.III-1. All cation sites are fully occupied, while some local displacement of TI in
the a-b plane are suggested. Since the refined occupancy for the Ca site is considerably
larger than unity, about 19 % of the Ca site seems to be substituted by T1. Also, it is
suggested that 3 — 5 % of Tl site are replaced by Cu atoms from the Rietvelt analysis of
X-ray diffraction experiment. According to the neutron-diffraction study,”) some oxygen
deficiency is detected on the TI-O layer.

The as-sintered samples are metallic and non-superconducting. However, they show the
superconductivity after annealing in argon at 350 — 550°C for 5 hours. T, depends on the
annealing condition, and the higher T, value is obtained as the annealing temperature is
rised. The superconductivity again disappeared by annealing in oxygen at 350°C for 10
hours. These facts strongly suggest the significant role of the oxygen non-stoichiometry.

Figure I1I-2 shows the relationship between T, and the relative change in oxygen content,
Ay, in the formula of T1Sr;CaCu, 0, (y ~ 7).‘72) As shown in Fig.III-2, T, is increased almost
linearly with decreasing the oxygen content, which is quite similar to the result for T12201.
The maximum 7, value is ~ 70 K.

Figure III-2 also shows subtle but systematical changes in the lattice parameter ¢ and
¢.™) The lattice parameter becomes longer for the higher T, sample. It is found that the

distance between Cu and apical oxygen becomes shorter as 7T} is higher.
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The good sample homogeneity is also suggested by the sharp and single transition in the
Meissner signal as shown in Fig.I1I-3,» which is consistent with the results of the X-ray
diffraction experiment.

In this study, three samples with 7, = 70, 52 and 10 K were used. T, was defined at the
onset temperaure of the diamagnetic signal appearing in ac-susceptibility. The sample was
crushed into powder with size smaller than 20 ym in diameter for the NMR measurements.
Also, the sample was magnetically aligned along the c-axis by use of the anisotropy of the

susceptibility and fixed with the polymer in a magnetic field of 11 T.
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9.2 Transport Properties

Figures [1I-4(a) and (b) show the temperature dependences of the resistivity, p, and Hall
number, ng = 1/Rye, respectively, for samples with different 8’s.”? Both the resistivity and
positive Hall coefficient, R, decrease with increasing oxygen content, which demonstrates
the hole doping by oxygen clearly.

The temperature dependence of the resistivity is fitted well by a simple power-law de-
pendence, p = po+ 1", for all §’s. The exponent, n, is gradually increased from 1 to 2 with
doping. The results strongly suggested that both T-linear and T%-dependences, as well as
the intermediate ones, should be understood within the same framework. These results are
difficult to explain in terms of electron-phonon scattering, but are very similar to those for
T12201.' One plausible way to understand the results is to cosider that the T2-dependece
of the resistivity is characteristic of metal and is evidence of the electron-electron scattering
in the usual Fermi-liquid. In that case, the T-linear anomaly emerging with decreasing car-
rier density is explained in term of some usual deviation from the canonical Fermi-liquid,
such as magnetic fluctuation, localization or Fermi surface nesting.?)

On the other hand, the Hall coefficient, Ry, shows a broad maximum at 100 — 140
K for all §’s, above which it is slowly decreased so that the Hall number, ng, shows a
linear temperature dependence. It is interesting that even the metallic sample (A) still
shows a linear temperature dependence of ngy, which is a common behavior in high-T,
superconductors, but incompatible with a simple Fermi-liquid description. These features
are also vey similar to those for T12201.'9 It should be noted that Ry is always positive and
only gradually and continuously decreased upon doping without showing any anomalies at
the superconductor-metal phase boundary. This is quite similar to the results for T12201,'4
but is in sharp contrast to that for overdoped LSCO,™ where Ry decreases rapidly with
doping and finally changes sign to negative. It seems that no singularity exists at the
superconductor-metal phase boundary, which suggests that the electronic structures for
the superconducting and the metallic states are quite similar.

It is believed that the present results of transport properties on polycrystalline samples
mainly reflect the a-b plane properties because of the large electrical anisotropy. This

situation was found to be appropriate for other high-T, cuprates.
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9.3 Magnetic Susceptibility

Figure III-5 shows the temperature dependence of the normal-state magnetic suscepti-
bility, x,7 which was measured at 1 T, after correcting the core diamagnetic susceptibility,
Xcore- The Xeore value is about —8.75 x 107° emu/mol-Cu, which is calculated using tab-
lated values.™ The non-superconducting sample shows a small Curie-like uptﬁrn below ~
50 K. As will be described in Sec.10.1.2, the Knight shift is 7-independent, that is, the
T-invariant spin susceptibility, x;, is an intrinsic behavior in heavily-doped T11212. There-
fore, this small upturn of the bulk susceptibility is suggested to be not intrinsic but due to
the Cu®* ions substituted for Tl site and/or the small impurities which are undetectable
by X-ray diffraction experiment.

It is noted that the susceptibility is increased with hole doping, and no significant changes
are observed between the superconducting and metallic samples. This feature is also similar
to the results for T12201.1% It seems to be no singularity at the superconductor-metal phase
boundary, together with the results for the transport properties as described in Sec.9.2, and
suggests that the electronic structures for the superconducting and metallic states are quite

similar.
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10 Experimental Results and Discussions in Heavily-
Doped TISr,CaCuyO;_;

10.1 Static Properties in the Normal State
10.1.1 %Cu NMR Spectra and ®y,

Figures I1I-6(a) and (b) show the ®*Cu NMR spectra at T' = 4.2 K and f = 125.1 MHz for
the compound with T, = 52 K for the central transition (m = 1/2 «» —1/2) in the partially
oriented powder with the c-axis parallel and perpendicular to the external magnetic field,
H, respectively. As seen in each figure, there is a broad spectrum in higher field region
associated with the unoriented powders, as in the case of Hgl223 as shown in Fig.JI-1.
The solid and dash arrows correspond to the peaks arising from grains with § = 90° and
41.8° to the c-axis, respectively. From the integrated inténsity ratio of the spectra with the
peaks in lower field region to the broad spectrum, the fraction of the oriented powder with
the c-axis parallel to the field is anticipated to be ~ 60 % of the whole powder. As will
be described in Sec.10.2.1, since 5T} has been determined with a single component in the
normal state, some contribution to the spectrum from the unoriented powder is considered
to be negligible, if any. Although the orientation is not perfect, it is enough to determine
- the shift precisely. The shift was determined from the gravity of the spectra.

The full-width at the half-maximum (FWHM) of the NMR spectra for c||H is about 300
Oe in the normal state, which is similar to those in other Bi-¢) and Tl-based compounds,'® 37 38)
but is broader than the case of Y- and Hg-based compounds (< 100 Oe), suggesting that
the homogeneity in the CuO; plane is not so good as that in case of Y- and Hg-based
systems.

As mentioned in Sec.6.1.2, %3y is estimated from the analysis of the series of the NMR
spectra.”™ 3% In order to determine the Knight shift and the quadrupolar shift separately,
the spectra have been measured at several different frequencies in a range of 80.1~125.1
MHz as seen in Fig.III-7. The result of the Knight shift will be described in Sec.10.1.2.

®1g was estimated from eq.(33) as ~ 20.7, 22.5 a.nd 25.8 MHz for the samples with T
= 70 K, 52 K and 10 K, respectively. Apparently, ®3vg increases with decreasing T, i.e.

by doping holes. As mentioned in Sec.6.1.2, the observed %1y is related to the local hole
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density at Cu site, n,2_,2, from eq.(34). n,2_,2 is estimated as ~ 0.77, 0.78 and 0.81 for
the sample with T, = 70 K, 52 K and 10 K, respectively, showing that the hole number
at the Cu site increases with increasing oxygen content. Such an analysis of **vg has been
made in various cuprates, showing that n,2_,2 is in the range of 0.7 ~ 0.9.%) n,2_,2’s in
T11212 are similar to those in heavily-doped T12201compounds, but are smaller than those

in lightly-doped compounds such as La- and Y-systems.
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10.1.2 %*K and Hyperfine Coupling Constants

As for the magnetic properties in T11212, the magnetic susceptibility, x(7"), shows a small
Curie-like upturn at low temperature as seen in Fig.I11-5, which is probably associated with
the presence of Cu®* spins substituted into Tl-sites. So, it is difficult to extract the intrinsic
magnetic behavior from x(7"). However, the local susceptibility at each atomic site can be
extracted from the Knight shift measurement without any appreciable influence of impurity
spins. In order to extract an intrinsic magnetic property inherent to the CuQ, plane, the
Knight shift measurements were carried out.

Figures III-8(a) and (b) show the T-dependence of the Knight shift components perpen-
dicular, ®3 K ,;, and parallel, ® K, to the c-axis for the compounds with 7, = 70 K, 52 K and
10 K, respectively. Both K, and ®*K, decrease rapidly below T,. This large reduction
of ¥ K below T, demonstrates that the Cooper-pair in the superconducting state is spin-
singlet (s- or d-wave pairing). Also, this behavior is in contrast to that in lightly-doped
compouds, where K, is dominated by the T-independent orbital contribution. When
Hllc, T, drops to ~ 63 K and ~ 42 K for the samples with T, = 70 K and 52 K, respec-
tively, indicating that the superconductivity is more easily destroyed by the field parallel
than perpendicular to the c-axis, similar to the case in T12201.9 On the other hand, in
the normal state, a remarkable feature is that both shifts are T-independent, that is, the
spin susceptibility, xs, is T-independent, as in the cases of YBCO,™" and T12201,'5 %9 It
suggests that the T-invariant y, is a common behavior in optimum- and heavily-doped
region. This is in contrast to the T-dependent behavior of 3K, in lightly-doped LSCO,*)
Y124%: ™) and oxygen-deficient YBCOg,,.?Y Actually, it is reported that 83K, decreased
gradually upon lowering temperature in lightly-doped T1Sry(Lug7Cags)Cur 0, (T, = 40K)
as will be shown in Fig.I1I-29, suggesting that a decrease of ®*K,; is a common behavior

| in lightly-doped systems. Also, from the quantitative point of view, the absolute value of
the T-independent ®*K increases with decreasing 7.

In order to estimate the hyperfine fields, A, and B, that is, in order to estimate the spin
Knight shift, ® K, ,, the orbital Knight shift, % K orb,a» must be substracted from the raw
data above T, because the both Knight shifts components in T11212 are, unfortunately,

T-invariant. Since **K,,, is proportional to ny2_,2 from eq.(14), it is estimated to be ~
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0.21, 0.22 and 0.23 % from the value of ®*vg, in the same manner as the case of Hg1223 in

Sec.6.3.2. From eq.(13), the anisotropy of ®* K is expressed as follows:

OK,. A +4B
63[1'3’“ - Aab + 4B

(52)

where x,(7') is assumed to be isotropic. The anisotropy of K in T11212 is evaluated as
~ 0.42, 0.48 and 0.57 for the compounds with 7,=70 K, 52 K and 10 K, respectively. If the
on-site hyperfine fields are assumed to be independent of the hole content with the values of
A ~ 37 kOe/up and A, ~ —170kOe/ppg,** 44 45 46, 47, 8) the super-transferred hyperfine
fields, B’s, are estimated to ~ 80, 90 and 110 kOe/up from eq.(52), respectively. As in
the case for heavily-doped TI12201,'% %5 B in T11212 compounds increases with increasing
oxygen content, being larger than a typical value (B ~40kOe/pug) in lightly-doped LSCO,*)
Y124%%) and YBCOgy,.2% Thus, it is a common feature that the Cu(3d,2_,2)-O(2po)-
Cu(4s) hybridization in heavily-doped region is larger than that in lightly-doped

region and further enhanced by an increase of holes.
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10.2 Character of Spin Fluctuation in the Normal State
10.2.1  S3(1/T)

Figures I1I-9(a) and (b) show the relaxation curve of m(t) plotted against the time,
t, after saturation pulse at 70 K (above T.) and 1.4 K (below T), respectively, for the
compound with 7,=70 K under the magnetic field of ~ 11 T perpendicular to the c-axis.
Solid curves in the figures are the best fit to eq.(31). As described in Sec.10.1.1, the
orientation of the sample is not perfect. But, it is shown that the data above T, was well
fitted by eq.(31) with a single ®*T} component as seen in Fig.III-9(a), suggesting that some
contributions from the unoriented powder is considered to be negligible if any. On the
other hand, short components, which are affected by the vortex corés, appear below T, as
seen in Fig.I1I-9(b).

Figure III-10 shows the T-dependence of *3(1/T,T)4 for the compounds with 7. = 70
K(o), 52 K(e) and 10 K(O). As seen in figure, %*(1/T,T),; has a broad peak around T* (~
90 K, 70 K and 30 K for the compounds with 7, = 70 K, 52 K and 10 K, respectively,)
just above T, without any coherence peak just below T,. Also, the behavior of S(1/T\T).
component parallel to the c-axis is quite similar to that of %(1/7yT)s. In the inset of
Fig.I1I-10, ®*(TyT)as plotted against T reveals a T-linear dependence down to T, indicating
that ®*(1/T1T)as follows a Curie-Weiss behavior down to T* as in the case of LSCO® 49 and
YBCO7,% ™) which are indicated in the figure as well, in contrast to the T-invariant Knight
shift. This behavior is observed in most of high-T. cuprates. As mentioned in Sec.6.2.1, it
is considered that this behavior reflects the Curie-Weiss law of xo(T) (xo = C/(T + 6)),
and is probing the presence of the AF spin correlation. As seen in the inset of Fig.I1I-10,
the Weiss temperature, 8, increases with increasing hole content, as in the case of LSC0.44
The increase of 6 seems to be the result in a decrease of Xg@, meaning that the AF spin
correlation is weakened by doping holes.

It was shown that 7-term of electric resistivity was enhanced by the staggered suscepti-
bility as p(T) ~ xo(T')T? in the 2D case on a Fermi-liquid picture.®) When xq(T) follows
a Curie-Weiss law, there is a crossover from p «T' above 6 to p xT? below 8 for the T-

dependence of the resistivity. Thus, the NMR results and the anomalous T-dependence of

49



resistivity (as seen in Fig.Il1I-4(a)) can be understood within the framework of the Fermi-
liquid picture in which the short-range AF spin correlation is taken into consideration.

Also, from the quantitative point of view, the absolute value of ®3(1/T1T),; is reduced
with decreasing T, i.e. with doping holes. From eq.(43), 3(1/T\T) is related to the value
of a/I'g, where I'g is the characteristic energy of the AF spin fluctuation, and « is a
scale factor between the staggered susceptibility, xo, and the AF correlation length, ¢,
respectively. In order to extract t‘he doping dependence of the value of a/I'g, the observed
83(1/T1T)as should be corrected by the hyperfine form factor [(Ag,—4B)*+(A.—4B)?], since
B increases with increasing holes from the analysis of the Knight shift. The result is shown
in Fig.III-11 where the short-range AF spin correlation at the zone boundary is assumed
to be significantly dominated even in the heavily-doped T11212 system, supported by the
Curie-Weiss behavior of ®3(1/T1T)4. As seen in the figure, the decrease of the (1/TT),,
divided by the form factor suggests that I'g in the T11212 compounds are progressively
enhanced with increasing holes, if « is invariable for all samples.

Also, in order to know how the relative magnitude of «/T'g changes from lightly- to
heavily-doped system, the T-dependence of ®3(1/T,T), divided by the hyperfine form factor,
(A —4B)?, is shown in Fig.III-12, together with the results of lightly-doped LSCO*Y and
YBCO-.% In the sample with T,=70 K, I' is larger than those in the lightly-doped LSCO*Y
and YBCO,,* similar to the case in Hgl223.

On the other hand, in order to estimate the magnitude of the AF spin correlation, the
anisotropy of the relaxation rate of **Cu, R = (1/T1T)u/(1/T1T)., were measured. As
mentioned in Sec.6.2.1, *R reflects indirectly the ¢-dependence of the spin fluctuation,
that is, the magnitude of the AF spin correlation.'® 4®) R is nearly T-independent, and
decreases from ~ 1.7, 1.6 to 1.3 for the compounds with T, = 70 K, 52 K and 10 K,
respectively.

Figure I1I-13 shows % R plotted against B, together with the results of Hg1223, YBCO,5%
and T12201.'%) R, and ® R, are calculated by eqs.(38) and (39) using the values of Ag,
A. and B obtained from the analysis of the Knight shift mentioned. As seen in figure,
63R is smaller than ®Rsr as in the case of T12201, in contrast to the results of YBCO,

and Hg1223 where R ~% R,p, suggesting that the AF correlation in T11212 is smaller
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than those in YBCO; and Hgl223, as in the case of T12201. Moreover, 3R decreases
progressively down to %*R, with increasing B, i.e. with increasing holes, indicating that
the AF spin correlation is suppressed with increasing holes. As a result, 7. is suppressed.
Thus, it seems that the AF spin fluctuation is closely related to the occurrence of

the superconductivity.
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Fig.ITI-9. Relaxaion curves plotted against ¢ after saturation pulse at (a)T =
70 K and (b)1.4 K, respectively, for the compound with T, = 70 K
under the magnetic field of ~ 11 T perpendicular to the c-axis.

Solid lines are the results fitted by the relaxation function of eq.(31).
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indicates T-dependence of ®3(TT )45, which shows that
83(1/T\T)as follows the Curie-Weiss behavior.
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10.2.2  1/Tyg

Figure III-14 shows the ®*Cu nuclear spin-echo decay at T = 100 K under the magnetic
field of ~ 11 T parallel to the c-axis for the compounds with T, = 70 K(o), 52 K(e) and 10
K(O), respectively, plotted against ¢, where ¢ is the time interval between the 7/2 pulese
and spin-echo. The spin-echo decay curves (the solid lines) are well fitted to eq.(32). So,
most of spins may be flipped.

Figure III-15 shows the T-dependence of the Gaussian component of the spin-spin relax-
ation rate, 1 /Ty, in T11212 for the compounds with 7, = 70 lK(o), 52 K(e) and 10 K(D),
respectively, together with the results of YBCO7.5® A remarkable feature is that 1 [Tyq’s for
all samples in T11212 increase with decreasing temperature followed by a peak just above
T,, which is almost the same temperature where %(1/7,T) shows a broad peak, similar
to the cases in Hgl1223 and heavily-doped T12201,%Y) in contrast to that in lightly-doped
compounds such as YBCOg,,*") and Y124.59

Also, from the quantitative point of view, the absolute values of 1/T5g is reduced with
decreasing T, i.e. with doping holes. In order to extract the doping dependence of the
AF spin correlation, the observed 1/Tyg should be corrected by the hyperfine form factor,
(A.—4B)?, expected from eq.(45), since B increases with increasing holes from the analysis
of the Knight shift as mentioned in Sec.10.1.2. The result is shown in Fig.ITI-16, together
with the results of YBCO7*¥ and Hg1223, where the short-range AF spin correlation at the
zone boundary is assumed to be significantly dominated even in the heavily-doped T11212
system, supported by the Curie-Weiss behavior of ®3(1/T,T). As seen in figure, the decrease
of the value of 1/T5¢ divided by the form factor suggested that the AF spin correlation
in the TI1212 compounds is smaller than those in YBCO,; and Hgl1223 and is
progressively weakened with increasing holes, if the scale factor, «, is invariable for
all compounds. The results are supported by the analysis of the anisotropy of ®3(1/Ty),
mentioned in Sec.10.2.1.

As mentioned in Sec.6.2.2, ®(TyT)/(Ty)? is related to xol'g from eq.(46), which is
proportional to the value of T, in MP’s expression.®® The magnitude is shown in the inset
of Fig.I1I-17, together with the results of YBCO;%) and T12201.8Y) A remarkable feature is

that the value of xoI'g is smaller as T.. is lower, which is consistent with the MP’s expression
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of 7.5 It suggests that the reduction of T, in heavily-doped region can be explained by
the spin-fluctuation-induced superconducting mechanism,.and that the spin fluctuation is

related intimately to high-T, superconductivity.
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Fig.111-14. Spin-echo decay curves at T = 70 K for the compounds with 7. =
70 K (o), 52 K (o) and 10 K (0O), respectively, plotted against ¢,
where ¢ is the time interval between the 1st pulse and the spin-
echo. Solid lines are the results fitted by eq.(32).
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10.3 Symmetry of Pairing State
10.3.1  S3(1/Ty)

As stated in Sec.10.2.1, the relaxation curve below T, is not fitted by eq.(31) due to the
presence of the vortex cores. The short component arises from the nuclei close to the vortex
cores, while the long component from those far away from the vortex cores. To display the
overall T-dependence of ®3(1/T}) below T, the long component of %3(1/T}) is tentatively
extracted in the same manner as the case in Hg1223, that is, from a fit of eq.(31) to the
data of m(¢) smaller than 0.5 as indicated by solid line in Fig.I1I-9(Db).

Figures I11-18(a) and (b) show the T-dependence of the long component of 3(1/T}),s (o)
and %3(1/T}). (e) below T, for the compounds with 7, = 70 K and 52 K, respectively, in a
logarithmic scale. As observed universally in high-7T, cuprates, ¢*(1/T}) for both samples
in T11212 decreases rapidly following a power-law like T-dependence below T, without any
enhancement just below T,. At low temperature wéll below T,, (1/T}) is proportional to
the temperature, that is, obeys 71T = const. law.

Figure I11-19 shows a relaxation function, m(t), well below T, plotted against the product
of time, ¢, and T for the compound with 7, = 70K under the external magnetic field of
~ 11 T parallel to the c-axis. m(t) falls on a unique curve over a T-range of 1.4 ~ 10 K,
suggesting that all the 5T} components follow the TiT = const. law at low temperature,
regardless of the distribution of %37}.

As mentioned in Sec.6.3.1, the relaxation behavior below T, under the magnetic field is
affected by the normal fluxoid cores. In order to investigate the relaxation process below
T, in T11212, the H-dependence of (1/T;) was measured.

Figures I1I-20(a) and (b) show the H-dependence of ®*(1/T}) components parallel (o) and
perpendicular (o) to the c-axis at T' = 4.2 K for the compounds with 7,=70 K and 52 K,
respectively. As seen in the figure, 3(1/T}) at low temperature well below T, is enhanced by
the magnetic field for both materials, and exhibits nearly H-linear dependence as eq.(47).
Furthermore, the H-dependence is more pronounced in H||c than in H L ¢. As seen in
eq.(48), in a rapid spin diffusion limit, 1/7; is enhanced by the external magnetic field, and

depends on the direction of the applied magnetic field due to the anisotropy of the coherence
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length, & (in general, &, > €.). Therefore, this experimental results indicates that the
relaxation process in T11212 at low temperature under the magnetic field is dominated by
the spin-diffusion process to the vortex cores, as in the case of YBCO7,%" 62 Y124%%) and
Hg1223. The fact that 71T = const. law holds at low temperature under the magnetic
field suggests that the electronic state in the vortex cores is described by the Fermi-liquid
picture. As mentioned in Sec.10.2.1, T, drops for both samples in case of H||c, that is, the
value of 7T, under the magnetic field is ambiguous. Thus, the T-dependence of **(1/T1T)
below T, is presented only in case of H 1 c.

Figures I1I-21(a) and (b) show the H-dependence of ®*(1/T} ), for the compounds with
T. = 70 K and 52 K, respectively, at several temperatures in a range of 1.4 ~ 10 K. The
intrinsic value, %3(1/T},), in the superconducting state is determined from the extrapolation
to zero field (H — 0), as seen in eq.(48).

Figures I11-22(a) and (b) show the T-dependence of ®3(1/T}), for the compounds with
T. = 70 K and 52 K, respectively. o and e show the value under the magnetic field of
~ 11 T and the extrapolated value to zero field, respectively. Below 7K, it is remarkable
that %3(1/T},) inherent to the superconducting state follows the ®3T},T = const. law,
which is indicative of the gapless nature of superconductivity, such as Zn-doped YBCO7,
LSCO (x > 0.20),*Y Bi2212,%) T12223% and T12201%%). The fractions of the residual DOS,
Nyes/Ny, are estimated to be about ~ 0.10 for both samples with 7, = 70 K and 52 K,
from eq.(51). An important result is that N,.;/No is nearly the same for the two samples
with the different T, values. This suggests that the difference of T, in these samples is not
due to the difference in N,.,/Ny but actually the increase of holes.

Next, the T-dependence of %(1/T3,), in T11212 compounds is estimated by the gapless
2D d-wave model with line nodes at the cylindrical Fermi surface as A(¢) = A(T') cos(2¢)
corresponding to d 2,2 symmetry where the additional finite density of states, Vs, at the
Fermi level is taken into account, as shown in Fig.I1-22(a). In this model, it is assumed that
the T-dependence of the superconducting order parameter, A(T")/A, is the same as that in
the case of BCS superconductor. This gapless d-wave pairing model has consistently
explained the NMR results in Zn-doped YBCO7,Y LSCO (x>0.20),*%) Bi2212,2® T12223%%
and T12201.%%) As indicated by solid lines in Figs.I11-22(a) and (b), the best fit to $3(1/T1,)as
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(o) in T11212 are roughly reproduced by this model with the parameters N,.;/Ny = 0.10
and 2A/kgT, = 8 for both samples with 7, = 70 K and 52 K, suggesting that the d-wave
pairing in the superconducting state is realized in T11212 compounds. The validity of the
gapless d-wave model was also confirmed from the Knight shift measurements, as will be

described in Sec.10.3.2.
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Fig.I11-20. Magnetic field dependence of 63(1/T;) components parallel
(e) and perpendicular (o) to the c-axis at T = 4.2 K for the
compound with (a)7, = 70 K and (b)52 K, respectively.



Fig.I11-21. Magnetic field dependence of ®*(1/T}),s at several temperatures below
10 K for the compounds with ()T = 70 K and (b)52 K, respectively.
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10.3.2 ©K

As described in Sec.10.1.2, both components of the Knight shift decrease rapidly below
T, as seen in Figs.I1I-8(a) and (b), indicating that the Cooper-pair is spin-singlet. Also,
in case of H|le, T. drops to ~ 63 K and ~ 42 K for the samples with T, = 70 K and 52
K, respectively, indicating that the superconductivity is more easily destroyed by the field
parallel than perpendicular to the c-axis. The residual density of states, N,.s, is induced
by the pair-breaking effects such as not only impurity, imperfection of the crystal but also
the magnetic field. Thus, the pair-breaking effect due to the external magnetic field in case
of H||c is more effective than that in case of H L ¢. In order to extract the pair breaking
due to the quality of the sample, the T-dependence of 83K below T, is presented only in
case of H L c.

The residual shift at low temperature is not always ascribed to the T-independent orbital
shift, but includes the residual spin shift originating from the finite density of states at the
Fermi level due to imperfection of the crystal and impurity. Therefore, the spin Knight
shift, 83, must be obtained by substracting the orbital Knight shift, © K, from the raw
data, as described in Sec.10.1.2.

Figure 1I1-23 shows the T-dependence of the spin Knight shift, K, normalized by the
value at 7., Kr,, under the magnetic field perpendicular to the c-axis. Solid line is cal-
culated using the gapless d-wave model with the same parameters (2A/kgT. = 8 and
Nyes/No = 0.10) as in the analysis of ®3(1/T);), mentioned in Sec.10.3.1, which satisfacto-
rily interprets the experimental results as well. Thus, both the results of 53K and %3(1/T})
are consistently understood in terms of the gapless d-wave model in which the finite
density of states is induced at the Fermi level. This feature is similar to the case in
TI2201,%%) suggesting that the d-wave superconductivity is a common property in heavily-
doped region, as in the cases of lightly-doped compounds. The spin-fluctuation-induced
superconductivity mechanism, which is consistent with the results in the normal state,
gives rise to a d-wave pairing state, suggesting that the spin fluctuation is responsible for

the high-T. superconductivity.
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11 Spin Gap like Behavior in Lightly-Doped Region
of TISPQ(LUO.*]C&().g)ClIQOy (Tc = 40 K)

11.1 Introduction

In the lightly-doped high-T, compounds, the uniform susceptibility, x,(7"), decreases
commonly with lowering temperature. ®3(1/TyT) exhibits a broad peak well above T,
in oxygen-deficient YBCOg,,> %) and Y124'Y with double CuQ, layers. This spin-gap
behavior attracts a great interest, suggesting a possible formation of the spin-singlet well
above T,. Initiated by the RVB picture,'® this anomalous property in the normal state
is argued to reflect that the superconductivity would occur in the non-Fermi liquid state.
The physical origin of the spin gap is still under debate. Within the Hubbard model'® and
t-J model,’® the spin gap is caused by the nesting property of the Fermi surface.

In contrast to the above two compounds, it was shown from the Cu nuclear relaxation®
and the inelastic neutron scattering measurements'?) that LSCO with smaller hole content
does not exhibit any signature of the spin-gap behavior around zone boundary, (7, 7). In
the above two compounds, the CuQO chain controlling the hole content forms an ordered
structure, while the La(Sr)O layer in LSCO experiences significant randomness, which may
give a hint for the contrast of the magnetic excitation. A difference of the number of layers
may be one of the reasons to yield the contrast for the magnetic excitation.

In this section (11), in order to clarify the origin of the spin-gap in the lightly-doped
high-7, compounds, it has been carried out the ®Cu and T1 NMR measurements of
T1Sry(Luy -, Ca, )Cuy O, (Lu-doped T11212) systems (T, = 90 ~ 0 K) with two pyramidal
layers like YBCO but without the CuO chain. Replacing Lu atoms into Ca sites and
increasing oxygen content make this system lightly- and heavily-doped, respectively, as seen
in Fig.111-24.7™) The bulk susceptibility, x(T'), in lightly-doped T1Sr2(Lug7Ca03)Cur Oy (T
= 40 K) decreases with decreasing temperature, similar to other lightly-doped compounds
such as LSCO,*" YBCOg, .2 and Y124,%) as shown in Fig.I1[-25.7 A spin-gap behavior
has been found in the lightly-doped region regardless of the presence of disorder in the

Ca(Lu) layers sandwiched by CuQ, bi-layers, as will be described in Sec.11.3.
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11.2 %y and BK

Unfortunately, the powder sample of Lu-doped T11212 is not aligned. So, the Knight
shift component perpendicular to the c-axis, ® K, was determained from the peak of § =
90° to the c-axis of the powder pattern, as shown in Fig.III-26. On the other hand, the
component parallel to the c-axis, 3K, is not determined.

In order to estimate the value of %31, 7™ the specrta has been measured at several
different frequencies in a range of 75.1 ~ 130.1 MHz at 4.2 K, as seen in Fig.IT[-27. % is
estimated to be ~ 19.0 MHz from eq.(33). The value is smaller than those in heavily-doped
T11212 and other lightly-doped compounds,*? indicating that the hole density at Cu site
seems to be smaller than these compounds.

Figure I11-28 shows the T-dependence of 3K, for Lu-doped T11212 compound with
T. = 40 K in lightly-doped region, together with the data for heavily-doped T11212 with
T. = 70 K and oxygen-deficient YBCQgy,.?") For the heavily-doped T11212, 3 K,; is T-
invariant in the normal state, while ® K, for the Lu-dopéd T11212 decreases upon lowering
temperature as in the case of oxygen-deficient lightly-doped YBCOgy, compound with
single CuO chain,?¥) assuring that the decrease of K, is one of the universal magnetic
behavior in the lightly-doped systems regardless of the presence of CuQO chain structure,
although the origin of this T-dependence is still unknown.

In the inset of Fig.III-28, ®K,; is plotted against the bulk susceptibility, as shown in
Fig.ITI-25. Since *K is expressed by eq.(13), the super-transferred hyperfine field at Cu
site, B, is estimated to be ~ 40 kOe/y g from the linear coefficient in the inset of Fig.I11-28,
if the on-site hyperfine field is assumed to be the same as that of other lightly-doped com-
pounds (Az ~ 37 kOe/pp).2 44 45,46, 47, 48) This value is similar to that of lightly-doped
LSCO with no chain,*¥ oxygen-deficient YBCOg,, with single chain®¥ and Y124 with

45)

double chains,*’ suggesting that the value (B ~ 40 kOe/up) is a typical value regardless

of the structure, and is characteristic in the lightly-doped systems.
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11.3 Spin Gap Behavior in 2%(1/T})

In the lightly-doped T11212 compounds, it was difficult to measure the 53(1/7}) accu-
rately, since the powder is not oriented. Instead, T-dependence of 1/T} of 29°T1 (***yy =
2.4567 MHz/kOe) was measured. The Tl atom is located just above Cu and is considered
to feel the Cu spin fluctuation being expected to have the same temperature dependence
of Ty as Cu.!5: 65 82)

Figure I1I-29 shows the T-dependences of (1/T1T),s for ®*Cu and ?*T1 in heavily-doped
T11212 with T, = 70 K. It is noted that the both behaviors of ®3(1/T\T)y and 2%5(1/ Ty T )as
are quite similar to each other. Actually, *(1/T,T) is confirmed to be well scaled to
83(1/TWT) with temperature as an implicit parameter above 7}, for the heavily-doped com-
pound with T, = 70 K, as shown in the inset of Fig.III-29. The ratio, %7} /%T}, is constant
above T, suggesting that the origin of the relaxation is the same in both Tl and Cu sites.
Therefore, the relaxation behavior of Cu site seems to be obtainéd indirectly from that of
T1 site.

Figure III-30 shows the relaxation curve of 2°°T1, m(t), plotted against the time, ¢, after
saturation pulse in T1Sry(Lup7Cags)Cus0, with T, = 40 K at T' = 60 K and f = 211.1
MHz. Since ?*°Tl has no quadrupole moment (I = 1/2), the relaxation curve should be
single exponent type. As seen in the figure, the data was not fitted with a single T}
component, that is, 7} component is distributed. It suggested that the disorder is induced
in the CuO, plane by substituting Lu* into the Ca?* layer to controlling hole content, as
in the case of LSCO system where the disorder is induced by substituting Sr?* into the
La3t layer.

Figure I1I-31 shows the T-dependence of ?°°(1/T1T) in T1Sry(Luo7Cag3)Cu0, (T. = 40
K) under the magnetic field of ~ 11 T. e and o indicate the short- and the long-component
of #®(1/T,T'), which are tentatively extracted from a fit to the data of m(t) larger than 0.5
and smaller than 0.1, respectively, as indicated by solid lines in Fig.I1I-30. A remarkable
feature is that 2°°(1/7,T) in each component has a broad peak around T* ~ 120 K well
above T, that is, shows a spin-gap behavior.

If it is assumed that the nuclear relaxation at Tl site is driven only by the classical

dipole-dipole interaction between Tl nuclei and Cu-d spin, the expected value of 2°°(1/T,T)
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is much smaller than the observed value. Therefore, the relaxation mechanism at T1 site
in Lu-doped T11212 is suggested to be dominated by the super-transferred hyperfine inter-
action with Cu-d spin via the apical-oxygen, as in the cases of hevily-doped T11212 and
T12201.1% 5 82) Thus, this behavior of 2°°(1/T,T') is considered to reflect that of 3(1/TyT),
and that its behavior is spin-gap like.

It has proposed that the spin-gap like behavior can be understood by a phase diagram
deduced from the mean field theory for the t-J model.'® Another possible origin is at-

83, 84) But the origin of this behavior is still

tributed to a precursor of the superconductivity.
not unclear.

Figure I1I-32 shows the T-dependence of ?*(1/T,T) in some T11212 compounds covering
from lightly- to heavily-doped region. As seen in the figure, 2%(1/T\T) for the lightly-
doped one exhibits an appreciable decrease well above T,, i.e. the spin-gap behavior. It
is noteworthy that the CuQO; bilayer system reveals the spin-gap behavior in the lightly-
doped region, even though the disorder is induced into the Ca(Lu) layers controlling hole
content and the CuO chain is absent. This result suggests that the lack of the spin-gap
behavior in LSCO is not due to the disorder but to the single layer and hence the spin-gap
behavior may be associated with the bilayer coupling along the c-axis, as argued by several

authors.5% %)
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12 Summary

The magnetic property and the spin dynamics in heavily-doped T1Sr;CaCu,O7_s (T11212)
were investigated by measuring the nuclear quadrupole frequency, vg, the Knight shift, K,
the nuclear-spin lattice relaxation rate, 1/7}, and the nuclear spin-spin relaxation rate,
1/Tsq, for ®3Cu for the compounds with T, = 70 K, 52 K and 10 K. In the normal state,
63(1/T1T) obeys a Curie-Weiss law, indicating the presence of the AF spin correlations,
although it is weaker than that in lightly-doped LSCO, YBCO; and Hgl223. From the
analyses of ®(1/T}) and 1/Tyg, it is found that the weaker the AF spin correlation with
increasing holes, the lower 7.. Hence, the AF spin correlation seems to be responsible for
the occurrence of the high-T, superconductivity.

On the other hand, in the superconducting state, the behaviors of ®K and %(1/T})
resemble that in other high-7,, materials and are explained by the gapless d-wave model
with a finite density of states at the Fermi level, which was applied to Zn-doped YBCO»,
LSCO (x>0.20), Bi2212, T12223 and T12201. The pair-breaking effect is almost the same
for both compounds with 7, = 70 K and 52 K in T11212, showing that the 7, is actually
decreased by increasing holes.

To be concluded from extensive NMR studies covering from lightly- to heavily-doped
systems is that the superconductivity, which is of d-wave pairing type, is relevant to the
presence of the AF spin correlation, presumably mediated by spin fluctuations.

On the other hand, in lightly-doped T1Sry(Lug7Cag3)Cuz0, (1. = 40 K), 2%5(1/T,T),
which reflects the behavior of ®(1/T;T'), has a broad peak around 7™ ~ 120 K well above
T, that is, shows a spin-gap behavior, even though the disorder is induced into the Ca(Lu)
layers controlling hole content and the CuQ chain is absent. It is suggested that the absence
of the spin-gap behavior in LSCO system is due to the single layer structure, and that the

spin-gap behavior is related to the bi-layered structure.
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Part IV
Conclusion

63Cu NMR measurements of the HgBayCayCusOgys (Hg1223) system, which currently
has the highest value of the transition temperature (7, = 133 K) to date, has been carried
out, in order to elucidate why T in this system is so high. In the normal state, from the
quantitative analyses of %3(1/7}) and 1/T¢, it should be noted that the product of the
staggered susceptibility and the characteristic energy of the spin fluctuations around the
zone boundary, xol'g, for the 4 — fold CuQO, plane site is larger than that for YBa,Cus0-
(YBCOy), although that for the 5 — fold CuQ, plane site is almost the same. This en-
hancement of xoI'g is considered to be responsible for the higher T, in Hgl223 than in
YBCOy. In the superconducting state, the behaviors of ®*K and ®*(1/T}) can consistently
be interpreted in terms of the d-wave pairing model with a small additional density of
states (DOS), N,.s, at the Fermi level. The small value of N,¢, indicates that the Hgl223
possesses good quality, as supported by the narrow NMR spectra. It is suggested that one
of the origins for the high value of T, in Hgl223 is due to the better quality than other
high-T, cuprates.

On the other hand, in order to establish the magnetic and superconducting properties in
heavily-doped region, **Cu NMR measurements of T1SryCaCuy07_s (T11212) compounds
with two pyramidal CuQO, planes in the unit cell as in YBCO7 have been carried out. In
the normal state, from the systematic measurements of %3(1/7}) and 1/T5¢, the AF spin
correlation is found to be weaker than that in YBCO+7, and to be suppressed with decreasing
T., i.e. with increasing hole content. In the superconducting state, the T-dependences of
83K and %3(1/T}) are almost consistent with a gapless d-wave pairing model with a finite
DOS at the Fermi surface, as in the cases for other high-T, superconductors.

These characters can be explained in terms of the spin-fluctuation-induced superconduc-
~ tivity model as well, and thus it is concluded that the high-T, superconductivity is due to

the spin fluctuations.
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