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ABSTRACT

NMR/NQR measurements on hole-doped two-leg spin-ladder compounds of LaCuQOs 5
and Sr14Cug4O4 have been performed in order to clarify the magnetic properties and the
effects of the carrier-doping. Cu NMR experiments have revealed that the ground state of
LaCuOz 5 is not in the spin liquid state with a spin gap in disagreement with the suggestion
from the susceptibility measurement. Alternatively, it has been shown that a magnetic or-
dering takes place below Ty ~110 K. The magnetic interaction among the ladders in
LaCuOs 5, which is not frustrated, has been pointed out to lead to the magnetically or-
dered state. On the other hand, comprehensive Cu NMR/NQR measurements have been
performed on the single crystals of Sr;4Cug404; and Sri3.75Y0.25Cu24 041 containing CuOs
chain and Cu303 two-leg ladder by separating the Cu NMR/NQR spectra between the
Cu chain and ladder sites. In these compounds, that holes are inherently doped plays
an important role to disturb the quantum coherence in the singlet ground state in the
two-leg ladder. In the two-leg spin-ladder, there exists a spin gap of about 500K which
is larger than in SrCuyQj3. It has been found that the magnetic field induces a staggered
magnetization(SM) in Sri4Cus404; below ~100K. The origin of the staggered moments is
suggested to be attributed to unpaired holes. A striking finding in this work is that the
size of the SM 1s not largely distributed as in Zn doping which acts as a spin defect. We
have proposed that an extended character of unpaired hole-state and/or collective charge
excitations turn out spin defects. Spin defects are supposed to extend in the ladder and
SM induced by magnetic field are averaged out with rather uniform size of SM. It was
uncovered that the quantum coherence in the singlet ground states in the two-leg spin-
ladder system is dramatically perturbed by the presence of either localized or extended
holes and by switching on the inter-ladder interaction. NMR/NQR measurements revealed
the existence of the spin gap of 100~140K in the CuO, which had been suggested by the
magnetic susceptibility measurement. The unique dimerization model in the CuOs, chain
with nearly 90° Cu-O-Cu bond angle has been proposed in this work.
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C hapter 1

GENERAL INTRODUCTION



1.1 Theoretical Predictions

The discovery of copper-oxide high-T, superconductors [1] has aroused much interest in
the low dimensional S=1/2 antiferromagnetic(AF) system since the superconductivity is
considered to occur in the lightly hole-doped two dimensional (2D) square lattice of CuOs
plane. A square lattice has a magnetically ordered ground state and a true long-range order
is destroyed by doping holes slightly. In the one dimensional(1D) S=1/2 AF Heisenberg
chain, the quantum effects overwhelm the long-range order but the ground state shows the
long-range Resonating Valence Bonding(RVB [2]) state with an inverse power-law decay
in the spin-spin correlation function. What happens in the intermediate system between
1D and 2D systems 7 An answer was first given by numerical calculations which found
that the crossover from chain to square lattice was far from smooth [3, 4]. In such quasi-
1D system that AF Heisenberg chains are coupled with one next to the other to form
ladders of increasing width, ladders with an even number of chains have a spin liquid
ground state because of their short-range spin correlation decayed exponentially and then
a finite spin gap is produced with its magnitude reduced progressively with an increase of
chains [4, 5, 6]. By contrast, ladders made from an odd number of chains display magnetic
properties similar to a single chain, i.e. gapless spin excitation with a power-law decay of
spin-spin correlations.

For AF Heisenberg exchange interactions between nearest-neighbor(nn) spins, the only
case discussed here, the spin Hamiltonian of n-leg ladder is

H=1J7> S:i:S;+J'>_S:-Sy, (1.1)
(4:3) (i,k)

where J, J' > 0 for AF coupling [7]. The first sum is over distinct nn spin pairs in each chains
and second is distinct nn spin pairs in adjacent chains. The spin exchange coupling constant
is J within a leg and J' within a rung. The magnetic susceptibility, x(T), calculated
with Monte Carlo techniques on m-leg ladders with J=J" on clusters of mx100 sites [8] is
shown in Fig.1.1.1(a). For even-leg ladders, x(T) shows at low temperature the exponential
suppression caused by spin gap, whereas the odd-leg ladders extrapolate to a finite value
as T—0. It is found that the crossover from chains to square lattices is far from smooth.
The spin gap Agpin, Which is obtained numerically, for the two-leg ladder is plotted against
J/J' in Fig.1.1.1(b) [8].

More interestingly, holes doped into ladders with even number chains are predicted to
pair {3, 9] and possibly superconduct. A clear contrast between even and odd ladders is
again predicted upon doping.

1.2 Experimental Results in the Even- and Odd-Leg Ladders

As a matter of fact, the presence of a spin gap was confirmed experimentally in such
two-leg ladder compounds as (VO)sP207 [10] and SrCuy0s {1, 2]. By contrast, the three-leg
ladder exhibited long-range development of the spin correlation upon lowering temperature
and as a result the long-range order emerged around 60 K due to the weak interladder
interaction and/or the interlayer coupling [3, 13].

Schematic drawings of ladder structures in SrCusOgz and SroCuzOj; are shown in
Fig.1.2.1 [1). The solid circles indicate Cu®* ions with a S=1/2 spin. O?~ jons exist at
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the corners of the squares drawn with solid lines. Since Cu-O-Cu chains running along a-
axis have a bond angle of 180°, Cu spins couple antiferromagnetically each other. Cu-O-Cu
chains are coupled antiferromagnetically each other. Ladders are separated from each other
because the inter-ladder interactions must be much weak due to the spin frustration [4].
The experimental results of the magnetic susceptibility, x(T"), in SrCus0O3 and SryCu3Os
showed excellent agreements with the theoretical predictions [1]. x(T) in (a) SrCuyO3 and
(b) SroCu30; are shown in Fig.1.2.2 [1]. The magnetic susceptibility after subtraction
of the low-temperature Curie component from the raw data, x,, is indicated with solid
circles. In the two-leg ladder compound of SrCusO3, x, shows the exponential suppression
at low temperature in consistent with the numerical calculated result. The spin gap, A, is
estimated to be 420K [1]. Furthermore, in the three-leg ladder compound of SroCu30s5, X5
settles down to a finite value as T—0K, while the magnetic order emerges around 60K.

1.3 Aim of This Study

Because of the difficulty of the carrier-doping, unfortunately, it has not succeeded yet
in (VO)2P207 and SrCusO3. Two-leg spin-ladder La;_.Sr,CuOs5 and Sr14CuzsQ4; are
possible to be hole-doped.

NMR/NQR measurements have been performed to clarify the magnetic properties and
the effects of the carrier-doping.
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Fig.1.1.1 (a) The magnetic susceptibility, x(T'), calculated with Monte Carlo techniques on
m-leg ladders with J=J'. (b) Spin gap versus J/J' for the two-leg ladder[8].
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RESONANCE



The experimental technique of Nuclear Magnetic Resonance(NMR) has made a great
contribution to the progress of the solid state physics and chemistry. Especially, it is a
powerful tool for the investigation on the magnetism. The purpose of this chapter is to
introduce the important informations obtained from the NMR measurements and detail
aspects.

2.1 Effective Nuclear Spin Hamiltonian

The Hamiltonian of a nuclear spin at the i-th sites, I’, can be written as [1, 2]

H = ~7, Al Hy + 3 8T AYT + 297, (r ) 0T+ Vi,Qls. (2.1)
J of

The first term is the Zeeman interaction due to the external magnetic field, Hy. v, is the
nuclear gyromagnetic ratio. The second term is the magnetic hyperfine interaction with
electron spins where s/ and A% are the spin moment at the j-th sites and the hyperfine
coupling tensor between nuclear spins and electron spins, respectively. The third term
is the magnetic hyperfine interaction with the non-s-electron orbital moments ¢ where 7.
and r are the electron gyromagnetic ratio and the distance between nuclear spins and
electron spins, and causes the anisotropic hyperfine interaction. The last term is the
nuclear quadrupole interaction between the electric field gradient(EFG) at the nuclear
position V,g = 02V /02,015(zo(0=1,2,3)=2,y,2) and the nuclear quadrupole moments
Qop = {€Q/61(21 — 1)}{3/2(II5 + Igla) — bapl?}.

2.1.1 magnetic hyperfine interactions

Magnetic hyperfine interactions between nuclei and electrons are described below.
(1) the Fermi contact interaction
The interaction between the nuclear spin and the s-electron spin is expressed as

%zgeye%ﬁs-lé(r), (2.2)

where ¢ is the g-factor of a electron spin.
(2) the magnetic dipole-dipole interaction
The magnetic dipole-dipole interaction between the nuclear spin and the non-s-electron

spin is expressed as
2
YeVn b (s-r)(I-r)
— Ge 3 {SI - 3——7‘2*} (23)

(3) the core-polarization interaction

This is the indirect interaction between the nuclear spin and the non-s-electron spin
mediated by inner core s-electron spin polarization. The non-s-electron spin modifies the
spacial distribution of s-electrons in the inner closed shell due to the exchange interaction
between non-s-electron spins and s-electron ones. In result, the Fermi contact interaction(1)
is derived indirectly by the non-s-electron spin. And it is expressed as

gl Al O)F - [ OP}s T, (24
k
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where 1 1(r) is the s-electron wave function with the up- or the down-spin of the k-th
clectron in the closed shell.

“All the magnetic hyperfine interactions described above and the transferred hyperfine
interaction from magnetic spins are given by the following expression as

S ATL. (2.5)

2.1.2 electronic interaction

In addition to the magnetic interactions, there exists the electronic interaction of nuclear
quadrupole coupling between the nuclear quadrupole moments and the EFG. Taking the
new rectangular coordinates of (X,Y, Z) showing in Fig.2.1.1 correspond to the axes of
EFG tensor to satisfy the relation of |Vz;|>|Vxx|>|Vyy|, Vasg = 0 and

eQ

ViQl, = ——{V;5(3I;* = I*) + (Vxx — Voy)(Ix* = Iy?)
% peb 41(21—1){ J
e
41(;@ ){312 ~ 2+ q(Ix® - L)), (2.6)
Where
eq = VZZ
(3 -5
_ X'). y2
T} = T
872

2.2 Knight Shift

The Hamiltonian (2.1) is decomposed into the static(time averaged) and the fluctuating
parts. The static part is expressed as,

Hy = —hl Ho + > () AT T + 297, R (r ) 6) T + 3 { 230 Qes- (2.7)

i

The above Hamiltonian is modified for Hy || z-axis.

~ (VAU 2y h{r=3)(£)
v = —,ﬁ[iH(l— iie )
Hs = —7vhi Hg ; B H, H, + Z
= - 7nhI;H0(1 - I{z,s - Krz.orb) + Z < aﬂ aﬁ’ (28)
af

where K, ; and K, ., are the Knight shift of the spin and orbital parts, respectively. The
Knight shift is proportional to the static magnetic susceptibility, i.e.

, (s7) A A
K L. = 2/ 22 zz oo 2.9
: 27() < —3><€1 > <,r.——3> .
K = = 2 .
z,orb HO N X z,0rb> (2 10)
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where N, X, and X,.r are the Avogadro’'s number, the static spin and the orbital(Van
Vleck) susceptibility per mole, respectively. Considering the hyperfine magnetic field due
to the electron spin and the orbital moments per one Bohr-magneton(up), Hj;, and H, ,‘;}b,
the Knight shift is expressed as

Hs
K, = —Ly, (2.11)
Npp '
Hy?
Kor = oro- .
b NﬂBX b (2.12)

The hyperfine field is estimated by the Knight shift vs susceptibility(K vs x) plot with
implicit parameter of temperature.

2.3 NMR/NQR Spectrum

2.3.1 NMR spectrum

We assume the quadrupole coupling is weak compared to the magnetic interaction. In
this case we can consider that the nuclear spins are quantized along the z-axis parallel
to the applied magnetic field. We can treat the quadrupole coupling by the perturbation
theory. The result proceeded to the second order is described below.

The Hamiltonian (2.1) is modified in the coordination of (X,Y, Z) showing in Fig.2.1.1
as [3]

H= - hV()I'e()
- hVo(I(XIXeX + I(y[yey + I\'lezez)
1 1
+ EVQ{?)IZ? —I(I+1)+ §n(l+2 + 1_2)} (2.13)

€ = (6x,6y,62)=H0/lH01
7nH0
2r
3¢2gQ
QT orer- 1w

gy =

where 1y, vg and K are the Larmor frequency, the nuclear quadrupole frequency, and the
Knight shift, respectively.
The resonance frequency between I, = m and I, = m — 1, v,,, is expressed as

Um(ea d)) - VO(l + R’iso)
+ %Vo{K 1(3cosh — 1) — Kosin®fcos2¢}

1 1
+ >va (m - 5) {(—3cos?8 + 1) — nsin®fcos2¢}
2
+ 321/1?ZM sin®0( gccos® — gp)

12



T]VQ2
48VZM

2. 2 1
i VR {gA —(ga + QB)COSQ9 - —gcsin4¢900522¢}, (2.14)
72VZM 4

sin®0( gocos0 + gp)cos2¢

where
1 .
v = W {(1 + Kiso) + 5{]&'1(3(:052 -1)- KgsinZH(:os?(b}]
Kx+Ky+ Ky

Kiso =
3
2K, — Kx - K
KI — A 3X Y

Ky = Ky —-Kx
24m(m —1)+9—-4I(I+1)
6m(m —1)+3—2I(1 +1)
gc = 494 +9s.

Q
SN
[l

The interval of the resonance frequency between the two satellite lines in the first order is
expressed as

U (0, 0) — V_my1(8,0) = vg (m — %)(—3cos29 + 1 — nsin?fcos2¢). (2.15)

2.3.2 NQR spectrum

Diagonalizing the static nuclear quadrupole Hamiltonian

Ho =D (Viep)Q'op = Z}Z?i){?»lf - P+ q(Ix? —- I}, (2.16)

ap
the eigen cnergy, E,,, is obtained, where the nuclear spins are quantized along the Z-axis.
We consider the case of I=3/2. The doubly degenerated eigen energy (Kramers doublet)

for I = m is obtained as
2
E(£3/2) = <q Q,/3(3 +1 (2.17)

E(£1/2) = e<q Q,/ 3(3+7 (2.18)

The NQR frequency, vygr, is given as

VUNQR = ﬂ§>—Q\/3(3+n2)=VQV1+7—§. (219)

2.4 Nuclear Spin-Lattice Relaxation Time (77)

The time-dependent fluctuation of the local magnetic field at the nuclear spin causes the
nuclear spin-lattice relaxation. The spin-lattice interaction between the nuclear spin and
the fluctuating magnetic field, d H,., is expressed as

Hpt = —YohL-6Hp. (2.20)

13



The expression of the spin-lattice relaxation time, 77, is obtained by treating this interaction
as the perturbation Hamiltonian.

We consider the applied magnetic field Hy is parallel to the z-axis and express the
transition probability per unit time between I, = m and I, = m’ = m=£1 as W,,, . T)-rate
is defined as

1 2Won
— = : . 2.21
T (I-m)(I+m+1) (2.21)
1/Ty-rate is generally expressed as [4, 3]
1 W2 [
= =2 [ dte ({SH (08 Hip (0))), (2.2
1 —00
where wy is the nuclear magnetic resonance frequency and
wy = YalHo+ (Hioe,:)|
§HE, = 6Hioenti6Hoey
{AB} = (AB+ BA)/2.
The fluctuating local magnetic field is expressed as
Aibs
Hppe = =3 (2.23)

5 el

It is clear in eq.(2.22) that the spin-lattice relaxation is caused by the fluctuation of the
local magnetic field perpendicular to the quantized axis.

T, is measured by the saturation recovery method. The recovery function of the nuclear
spin magnetization was examined by Narath [6] and MacLaughlin et al. [7]. The transition
probability per unit time between I, = m and I, = m’ due to the spin-lattice interaction
is expressed as )

W = W[/ [T 1m)| + [(m!| T Im) ). (2.24)
We consider the population of the m-th state at a time ¢, N,,(t), and adjacent states is
equal at t=0. The relative deviation from equilibrium, n,,(¢), is given as

Nem(t) = Ny,
Xnlg
where NY is the population of the m-th state at equilibrium (t=0c). And we define the

quantity which is proportional to the magnetization of adjacent pairs of nuclear spin levels,
an(t), as

nm(t) = (2.25)

A (t) = np(t) = N1 (t). (2.26)
We consider the recovery function in the case of I=3/2.

For m=1/2(the center line)

M(o0) — M(t)

aio(t)~Rymr(t) = M{o0)
= 0.lexp(—2Wt) + 0.9exp(—12Wt)
t t
= 0.1 _ Yexrp| —6—). 2.:
0 exp( T1)+0 P’Cp( 6T1) (2.27)

14



For m=3/2,—1/2(the satellite lines)

a3/2,_1/2(t)~RNMR(t) = 0.161‘]7(—2%775) + OSeizp(-6VVt) + 0461[)('-12‘/‘/75)

= O.Iexp(—Ti) + 0.561‘])(—3%) + 0.4ea:p(—-6—;7). (2.28)
1 1

On the other hand, the recovery function in NQR measurements in the case of I=3/2 is
expressed as

t
Rugr(t) = exp(—6Wt) = exp(—Szr—). (2.29)
1
2.5 Nuclear Spin-Spin Relaxation Time (73)
The interaction[1] between nuclear spins is expressed as
Hy =Y Iayl, (2.30)
J

where a;; is the nuclear spin-spin coupling constant. The gaussian spin-spin relaxation rate
is cxpressed as [8]

() = LX) (2:31)
Tog 8r2 i

where p is the natural abundance of a nuclide. The nuclear spin-spin interaction is de-
composed into the direct interaction (the classical magnetic dipole-dipole interaction) and
the indirect interaction mediated by the electron system. The nuclear spin-spin coupling
constant is described as

aij = (asj)aip + (i)inds (2.32)

where the first term is the direct interaction and the second term is indirect one.
The nuclear spin-echo intensity at a time 27 is expressed as

1(2r) = I(O){—%(é—TG)? - %} (2.33)

where 7 is the interval between the first 7/2-pulse and the second #-pulse as shown in
Fig.2.4.1, and T, is the spin-spin relaxation time due to the 77 process.

2.6 Apparatus

Spin-echo measurements were carried out by using the conventional phase-coherent
pulsed NMR spectrometer. The block diagram of the typical apparatus is shown in
Fig.2.6.1.

In Fig.2.6.2, the NMR/NQR probes are shown in the frequency range of (a) 1~50MHz
and (b) 50~200MHz.

The solenoid type superconducting magnet(12T at 4.2K) was used .in NMR measure-
ments.

15
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Fig.2.1.1 New rectangular coordinates (X,Y,Z).
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LaCuQ, 5 is one of new compounds with even-leg ladder structure. Hiroi and Takano have
been first synthesized it under high pressure and performed the resistivity and magnetic
susceptibility measurements [1]. They have suggested the existence of spin gap in LaCuQO, 5
from the magnetic susceptibility measurements. The resistivity decreases drastically with
substitution of Sr?* for La®>* and shows metallic behavior in LaggSrg2CuQOss5. Although
the superconductivity has never emerged above 1.4K, the carrier(hole) doping into the two-
leg ladder system has first been succeeded in La;_,Sr,CuOq 5. In spite of the suggestion of
the existence of the spin gap from the magnetic susceptibility measurements, the results in
NMR measurements denied it but revealed the long range magnetic ordering [2]. In this
chapter the magnetic properties in La;_,Sr,CuQOq 5 will be discussed in comparison with
those in SrCu;0s3.

3.1 Introduction for LaCuO-

3.1.1 crystal structure

LapCuy05(LaCuO-5) was first synthesized in ambient pressure by Cava et al. [3]. Pow-
dered material was sealed in gold capsules and treated at 900°C' and under 6GPa for 30 min
by using a cubic-anvil-type high pressure apparatus [1]. The products were characterized
by means of powder X-ray diffraction(XRD) and electron diffraction(ED). The XRD pat-
terns completely changed after the high-pressure treatment for x<0.20 in La;_,Sr,CuQOy3,
implying that a structural transformation occurred at high pressure, while for z = 0.25
and 0.35 the ambient-pressure structure remained intact. Both the XRD and ED pat-
terns indicate the CaMOgy structure for 0<x<0.20, which is one of the prototypes of
anion-deficient perovskites [4]; orthorhombic, a:t:\/ﬁap, bx2x/§am cray(a, is lattice pa-
rameter of the primitive perovskite structure), space group Pbam. The lattice constants
are a=5.5482A, b=10.5295A and ¢=3.8801A, respectively [1].

The dense structure of LaCuOs 5 determined by a Rietveld analysis of the powder XRD
pattern [5] is illustrated in Fig.3.1.1. Remarkably, the Cu-O sublattice assumes the char-
acter of a two-leg ladder along the c-axis in Fig.3.1.1, where only Cu-O bonds shorter than
2A are shown with solid lines. Owing to a strong Jahn-Teller effect, the Cu-O distance
within the ladder is short, ~1.95A, whereas the Cu-Ogpe, distance is long, 2.29A. This
imbalanced Cu-O configuration leads us to consider that unpaired electrons are confined
in the intra-ladder Cu d,2_,2-O 2p, orbitals and that, therefore, strong antiferromagnetic
interactions of order of 103K would occur only within the ladders. Inter-ladder interactions
will further be weakened as a result of the approximate orthogonality(~68.5°) between
adjacent ladders, because electron transfer between mutually orthogonal orbitals are pro-
hibited by symmetry. It may be assumed that each ladder is nearly isolated from the others
and provides a quasi-one dimensional electron system.

The systematic replacement of La by Sr can be seen in the continuous variation in the
lattice parameters. The Cu-Cu distance along the leg(rung) changes from 3.880A(3.930A)
for 2=0 to 3.865A(3.890A) for 2=0.20.
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3.1.2 resistivity and magnetic susceptibility

A drastic insulator to metal transition has been observed with replacing La by Sr,
i.e. doping holes, in the resistivity measurements as shown in Fig.3.1.2 [1]. Non-doped
LaCuOq5 is almost insulative, while hole doping systematically decreases resistivity by
several orders of magnitude, and finally a metallic behavior down to 5K is seen for £=0.20.
The hole-doping into the two-leg ladder system is first succeeded in La;_,Sr,CuOs5. The
magnitude of resistivity for £=0.20 is nearly the same as that in the normal state of su-
perconductor La; gS1g2CuQ4. However, no indication of a superconductlng transition has
been seen for any doping level examined [1].

The temperature dependence of the magnetic susceptibility, x, in La;_,Sr,CuOs 5 [1] is
shown in Fig.3.1.3. In LaCuOsjs, x decreases gradually with decreasing temperature to
a minimum around 90K, which is followed by a Curie-like increase at lower temperature.
The experimental result was fitted by the following equation [1]

X = Xotr—g
+ a——\/l—?exp (——%), (3.1)

where x¢ is a temperature independent term, and second term is a Curie-Weiss contri-
bution ascribed to impurities and/or Cu?* ions made by crystal imperfections. The last
term represents the bulk spin susceptibility expected for a two-leg S=1/2 Heisenberg an-
tiferromagnetic ladder, where o is a constant factor and A is the magnitude of the spin
gap [11]. The result of fitting was very good as shown in Fig.3.1.3. The obtained values
are x0=3.8(2)x107% emu/mol, C=1.42(1)x1073 emu/mol, ©=-5.0(1)K, a=4.11(3)x 103
and A=474(3)K [1]. All these values are very similar to those reported in SrCusOj [1]. The
doping dependence of magnetic susceptibility is also shown in Fig.3.1.3. The magnitude
increases with doping, and, at the same time, the characteristic decrease for =0 due to
the presence of spin gap seems to fade away gradually. The magnitude of the spin gap is
calculated to be 406K(z=0.025) and 364K(x=0.05), which is rather insensitive to doping.

3.2 . Experimental Results

In this section, the Cu NMR study is reported in order to clarify the magnetic property
in the two-leg ladder compound LaCuOs 5 and the Sr-doped compounds, La;_,Sr,CuQOs5
with x=0.025 and 0.05. From the present experiment, it is, however, shown that the
parent compound LaCuOg s is unexpectedly not in the spin liquid ground state with the
spin gap, but instead in a magnetically ordered state at low-temperature below ~110 K,
which is sensitive to Sr(holes)-doping, suppressed by substituting Sr for La by 5%. The
same polycrystalline samples were used for the NMR measurement as in the previous work,
where the detailed procedures to prepare the sample were reported [1].

The Cu NMR measurements have been made in the T-range of 4.2-300 K at a constant
frequency of 125.1 MHz. The NMR spectrum was obtained by sweeping magnetic field
generated by a superconducting magnet (12 T at 4.2 K). The nuclear spin-lattice relaxation
time, T3, was measured by the saturation recovery method with a single T} component.
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T, was estimated by using the theoretical function of eq.(2.27) for a center line. The spin-
echo exponential decay rate, 1/T» was obtained by plotting the spin-echo intensity I(27)
as function of time duration, 7 between the first and second rf pulses following

1(27) = 1(0) eXp(-%Z). (3.2)

2

3.2.1 NMR spectrum

The Cu center line NMR spectrum for the powdered polycrystalline sample of LaCuOg 5
at T=170K and f=125.1MHz is shown in Fig.3.2.1. Fig.3.2.2 indicates the T-variation
of the 83 Cu NMR spectrum, which arises from the (1/2< —1/2) transition split into two
peaks by the second-order electric-quadrupole effect with the nuclear quadrupole frequency,
vg = 20 MHz. With decreasing temperature, the spectrum does not shift at all, but starts
to broaden and its integrated intensity multiplied by temperature is progressively reduced
below around 150 K as indicated in the inset of Fig.3.2.2. As displayed in Fig.3.2.7, since
1/T is largely enhanced below 150 K, its intensity is evaluated from an extrapolation to
7=0 for the spin-echo decay curve. Nevertheless, the number of Cu sites whose NMR
signal is observed is significantly reduced upon cooling. This is considered because spin-
- spin correlations and/or a short-range order begin to markedly develop towards a possible
magnetic transition temperature, making difficult to observe the NMR signal partially. As
a result the NMR signal disappears near~117 K.

In order to obtain further evidences for the magnetic anomaly at low temperature, we
have carried out the Cu NMR experiment on the Sr doped compounds La;_,Sr,CuO9 5 with
x=0.025 and 0.05. Whereas the temperature below which the Cu-NMR signal disappears is
decreased from ~117 K for LaCuOs 5 to ~50 K for x=0.025 as indicated in Fig.3.2.3, the Cu
NMR signal for x=0.05 is observable down to 4.2 K. As seen in Fig.3.2.3, the NMR spectrum
for x=0.025with a two-peak structure at higher temperatures becomes progressively broader
with decreasing temperature and then vanishes below ~50K. Although the NMR signal for
x=0.05 is observable at 4.2 K, the spectrum is distributed over a broader field range and its
integrated intensity multiplied by temperature is significantly reduced upon cooling. The
temperature dependent broadening of the Cu NMR spectrum does not follow the Curie law
observed in the susceptibility measurement and hence cannot be interpreted only by the
dipole fields induced by extrinsic impurity $pins and/or intrinsic Cu?* spins produced by
Sr doping, i.e. the magnetic inhomogeneity caused by the paramagnetic spins. The NMR
intensities in the undoped and 2% Sr doped LaCuOs 5 disappear sharply below around 117
and 50 K, respectively, whereas that in 5% Sr doped compound is gradually wiped out
upon cooling as shown in Fig.3.2.4, which may be related to the development of short-
range magnetic order associated with the inhomogeneous distribution of Sr content. A
spin glass like disordered magnetic phase may produce distributed internal fields at Cu
nuclei so that the Cu NMR spectrum is wiped out. The latter possibility reminds the
spin glass phase existing in the concentration range of z = 0.02 — 0.05 for the 2D square
lattice system, Lag_,Sr,CuQ4. It is apparent that the magnetic anomaly observed in
LaCuQO, 5 is significantly suppressed and a paramagnetic ground state tends to be stabilized
by introducing Sr or holes, although some magnetic inhomogeneity remains largely.
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3.2.2 nuclear spin-lattice relaxation rate

Correspondingly to these anomalies of the NMR spectrum and 1/75, the temperature
dependence of 53(1/T}) in LaCuQOs 5 does not bear resemblance at all to the typical spin
gap behavior observed in SrCu,Q; (2] indicated together in Fig.3.2.5. 93(1/T}) decreases
down to 230 K being in a process to seemingly form a spin gap like state, but it tends to be
constant and begins to be enhanced below ~150 K. From a sharp increase of 1/T; below
150 K, one may remind that a critical behavior of 1/77 near the Néel temperature, Ty is
described by the formula of 1/T} ~ 1/4/(T — Tx) [9]. Accordingly, although the data are
not so enough for a precise determination of Ty, such a fit to the data below 150 K allows us
to give a rough estimation of T being around 110 K as indicated by solid line in Fig.3.2.5.
The pSR experiment on LaCuOs 5 has also confirmed a sharp magnetic transition below
around 120 K [10] being consistent with the Cu-NMR results. It is evident that LaCuOa 5
is not in the singlet spin liquid state, but instead a magnetic ordering occurs below around
~110 K.

In striking contrast to LaCuOgs, %3(1/T}) for SrCuy0j3 revealed an exponential decrease
close to 100 K as shown in the inset in Fig.3.2.5, although dominated at low temperatures by
spin fluctuations caused by small amount of SroCuzO5 presenting as impurity phases [1, 2].
Furthermore, the Cu NMR spectrum in SrCusO3 was observable at low temperatures.
These results gave firm evidences that SrCusOj is in the short-range resonating valence
bond (RVB) ground state where the spin correlation decays exponentially. In spite of the
superficial similarity of the susceptibility between LaCuQ;; and SrCuyQOs, it is considered
that the antiferromagnetic interladder interaction in LaCuQOs 5, which are not frustrated,
makes a spin liquid state unstable in contrast to the case of SrCusOs.

3.3 Discussion

The 3D maguetic ordering in LaCuOg 5 reveals that the inter-ladder coupling is rather
large but not frustrated such as in Sr;4Cus4O4;. The intra-ladder interactions indicated
with solid lines and the inter-ladder interactions with dashed ones are shown in Fig.3.3.1
(a) for LaCuO235 and (b) for SrCusO3. In LaCuOsz5, Cu-O bonds lead to a strong AF
interaction of order 103 K for the intra-ladder 180° Cu(3d,2_,2)-O(2p,)-Cu(3d,2_,2) bonds
such as that in SrCusOj3 indicated in Fig.3.3.1(b), but to a weak interaction for the inter-
ladder 152.2° Cu-Ogpe,-Cu bonds. In contrast to this complicated coupling among ladders
in LaCuOs 5, each ladder in SrCuy0Oj is coupled through the 90° Cu-O-Cu bond at the in-
terface between ladders as indicated by dash line in Fig.3.3.1(b) and hence the interaction
across the interface between ladders must be ferromagnetic [1]. Furthermore, the shearing
causes spin frustration due to the symmetry at the interface (see dash line in Fig.3.3.1(b)).
This may be one of the reasons why the experimental value of spin gap (A = 450 ~
650K) in SrCusOj [1, 2] is in agreement with the theoretical prediction calculated to be
about J/2~650K on the assumptions that the inter-ladder interaction is ignored and J
is nearly the same as 1300 K for the linear Cu-O-Cu bond in the square lattice [11, 12].
Consequently, this difference of inter-ladder interaction turns out to lead to a contrast.

Normand and Rice have recently shown that the inter-ladder exchange constant, J’,
in LaCuQs 5 is not so small with a value of ~0.2J where J is the intra-ladder exchange
constant and pointed out a possibility of the magnetic ordering because of the system being
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close to the quantum critical point [13]. On the other hand, Troyer et al. have obtained
the critical ratio of the inter-ladder interaction to the intra-ladder one of J'/J~0.11 and
derived the temperature dependence of the uniform susceptibility as x = aT? [14].

Mizokawa et al. have confirmed the inter-ladder interactions to be ferromagnetic by
the cluster-model of photoemission spectra and subsequent Hartree-Fock band-structure
calculation [15].

3.4 Conclusion

In conclusion, the present Cu NMR experiments have revealed that the ground state
of LaCuOgy5 is not in the spin liquid state with a spin gap in disagreement with the
previous suggestion from the susceptibility measurement [1]. Alternatively, it has been
shown that a magnetic ordering takes place below Ty ~110 K as evidenced by the large
increase of 1/T; and the divergent behavior of 1/T5 leading to the disappearance of the
Cu-NMR signal. The recent uSR experiment has observed the magnetic transition below
around 120 K [10] consistent with the result of the NMR measurement. Furthermore, NMR
measurements have clarified that Ty is strongly reduced upon doping and the paramagnetic
state is stabilized by substituting Sr for La by 5%. The present NMR experiments have
found a contrast of the ground state between the two-leg ladder compounds, SrCuzOs
and LaCuQOs5. The magnetic interaction among the ladders in LaCuQOs5, which is not
frustrated, has been pointed out to lead to the magnetically ordered state. This statement
may be supported by the recent theoretical analysis that the system is close to the quantum
critical point due to not so small inter-ladder exchange interaction with a value of ~0.2.J [13]
or ~0.11J [14]. No sign of superconductivity in the Sr-doped LaCuOz 5 compound may be
partially responsible for the lack of a spin gap in the parent compound LaCuQOs .
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Fig.3.1.1 Perspective view of the crystal structure of LaCuQs5 prepared at high pressure
showing the geometrical arrangement of the Cu-O ladders. The coordinate system on the lower
left specifies the crystallographic directions[1].
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Fig.3.1.3 Temperature dependence of magnetic susceptibility x measured with a SQUID mag-
netometer at an applied magnetic field of 1T on heating after zero-field cooling. The data for

=0 is well fitted by the equation in the text as represented by the solid line. The lowest dotted
line is the data for 2=0 after subtraction of the Curie component(1].
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Fig.3.2.1 Cu NMR spectrum in the polycrystalline powdered sample of LaCuOg 5 at T=170K
and f=125.1MHz.
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Fig.3.2.2 Temperature variation of 3Cu NMR spectrum in LaCuOss at 125.1MHz. Inset
indicates the temperature dependence of integrated Cu NMR intensity multiplied by temperature.
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Chapter 4

Sr14C u240
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Sr14Cu24Q4; comprises two unique quasi-one-dimensional structures of the CusO3z two-
leg ladder lattice and the CuO, zigzag chain. The ladder structure is expected to have a
large spin gap of 420K~700K as confirmed in SrCu2O3 [1, 2]. Existence of the spin gap
is suggested in the CuQO, chain by the magnetic susceptibility measurements [4, 5]. The
ladder- and chain-Cu NMR/NQR measurements have been performed on single crystals of
Sr14Cu2,Oy41 and Sry3.75Yg.25Cu2404(Y(0.25)), which were grown by the traveling-solvent
floating-zone method and confirmed by the X-ray Laue method [6, 5]. In Sr14Cug4O4;, there
found a significant sample dependence in the experimental results. Two single crystals
of Sr;4Cugy Oy were investigéted. The possibility of oxygen nonstoichiometry or cation
deficiencies must be considered. Hereafter, the author calls two Sry4CugO4 samples Sr14-
A and Srl4-B.

4.1 Introduction for Sr;;CusOg4

4.1.1 crystal structure

The crystal structure of Sry4CugsO4; was reported by McCarron et al. [7] and Siegrist et
al. [8]. This compound with the orthorhombic symmetry comprises (b) a 1D-CuO; chain,
(¢) a Sr layer and (d) a two-leg CupO3 ladder layer as illustrated in Fig.4.1.1. Each layer
is alternately stacked along the b-axis with spacing of ~1.6A. The two-leg ladder structure
similar to that in SrCusQj3 is constructed in the CuyOg layers.

The space group and lattice constants of orthorhombic two subcells and universal cell
obtained by McCarron et al. [7] are described below.

cell space group  a[A] b[A] c[A]
CuO, Amma 11.456 13.361 2.749
SroCus03 Fmmm 11.462 13.376 3.931
SI‘14C1124041 Pcc2 11.469 13.368 27.501

The lattice constants a and b are similar in both subcells, but ¢ along the leg is different.
The relation of the lattice constant along the c-axis is 10X Cepain™7 X Cladder, WheTe Cepain and
Cladder aTe the lattice constant along the c-axis in the CuO, subcell and SroCu03 subcell,
respectively.

4.1.2 resistivity and magnetic susceptibility

As shown in Fig.4.1.2 [4], the temperature dependence of the resistivity for Sr14Cug4O4;
exhibits insulating behavior, while there exist six holes per unit cell due to excess oxy-
gen. The resistivity decreases with substitution of Ca?" for Sr*? [9], but increases with
Ba?t or Y3T. The superconducting transition at 12K under high pressure of 3GPa in
Srg.4Cay36Cu24041 84 Was discovered by Uehara et al. [10].

The T-dependence of the magnetic susceptibility on the single crystal of Sri4Cuz4Oy
for each direction is shown in Fig.4.1.3(a) [6]. We can find a broad peak around 80K for
each direction. The magnetic susceptibility obtained by subtraction of the Curie-Weiss
contribution along the a-axis is shown in Fig.4.1.3(b). The contribution to the magnetic
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susceptibility from the CuyO3 two-leg ladder system can be neglected below 300K because
of the large spin gap. A broad peak is attributed to the contribution from the CuO,
chain. Matsuda and Katsumata [5] have studied the magnetic susceptibility in detailed
and extracted the magnetic susceptibility originating from the CuOs chain, Xcein. From
an analyses by the dimer model of

_ Ngepd 1
XD = kgT 3+ exp(A/T)

(4.1)

the spin gap is estimated to be A=133K in CuO, chain .

4.2 Experimental Results in the Cuy,O3; Two-leg Ladder Site

4.2.1 NMR/NQR spectrum

NMR spectrum is obtained by sweeping the applied magnetic field at a fixed frequency.
The Cu-NMR spectra in Sr14-A and Sr14-B are shown in Fig.4.2.1. The NMR spectrum
for H||b-axis at T=30K and f=83.1MHz in Sr14-A is shown in Fig.4.2.1(A). Two sets of
ladder- and chain-Cu NMR spectra are splitted by the nuclear quadrupole interaction.
Arrows mark the chain-Cu NMR spectra due to the twins in the single crystal Sr14-A
which will be described in 4.2.2. The quadrupole frequency (vg) is a clue to discriminate
between the ladder- and the chain-Cu signals, because the ladder-Cu must have a similar
vg to SrCuz03 [2]. NMR spectra in Srl4-B for (B1) Hl|b-axis, (B2) Hlja-axis and (B3)
Hj|c-axis are shown in Fig.4.2.1. Using eq.(2.15) with §=0, the nuclear quadrupole tensor
components for the ladder-site ®®*Cu in Sr4-B are estimated to be %v,=-2.4MHz(60K),
850,=12.4MHz(20K) and %v,=-10.2MHz(60K), respectively.

Cu-NQR spectra are obtained by tracing the amplitude of the spin-echo intensity against
the frequency in zero magnetic field. A single peak NQR spectrum at 200K splits into mul-
tiple peaks at 4.2K as shown in Fig.4.2.2. An appearance of multiple peaks in NQR means
that electron field gradient(EFG) at each Cu site is not uniform due to the localization of
inherent holes in the two-leg ladder system.

4.2.2 splitting and broadening of the NMR spectrum

The T-variation of the ladder-Cu center line NMR spectrum for H||b-axis in Sr14-A is
shown in Fig.4.2.3, where H,¢.r is defined in 4.2.3. There is no significant change in the
T'-range of 20-290K. In contrast, a drastic change is observed in Sr14-B. The T-variation
of the ladder-%3Cu center line NMR spectrum in Sr14-B is shown in Fig.4.2.4 for (a) H|[b-
axis, (b) H||a-axis and (c) H{|c-axis. There is no significant difference of the line shape
between Sr14-A and Sr14-B above 100K. The NMR spectrum in Sr14-B starts to split into
two and broaden belowl00K. The low and the high peaks are defined as H,es1 and H,qo,
respectively. In Fig.4.2.4, the spectrum is plotted against H-(H,es)+Hes2)/2. Because the
NMR spectrum below 20K for H||b-axis is masked by the chain-%3Cu signal, the higher field
part in the NMR spectrum below 20K is omitted in Fig.4.2.4(a). The spectra below 100K
for H||a-axis and H||c-axis are shown in Fig.4.2.4(b) and Fig.4.2.4(c), respectively.

The T-dependence of the ladder-93Cu resonance field at f=125.1MHz, H,.,, is plotted in
Fig.4.2.5. The ladder-3Cu NMR spectrum of the center line at 60K is shown in the inset in
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Fig.4.2.5, where the up and the down triangle correspond to H,.,o and H,.,;, respectively.
The experimental results above 100K are well fitted by a solid curve expressed as

1 (A
Hres T) = H’res 0) + A—=ex (—_)7 4.2
(T) = Hresl0) + Aeap(~ (42)
where A and A are a fitting parameter and the magnitude of the spin gap, respectively.

The above equation is obtained from the following equation derived by Troyer et al [11].

Xsrv%@p(— —Z%) (4.3)

The T-dependence of the ladder-%3Cu full-width at the half-maximum(FWHM) for H||b-
axis in Sr14-B is shown in Fig.4.2.6 as compared with that in Sr14-A. FWHM increases
with decreasing temperature below 100K in Sr14-B. The inverse of (FWHM), exhibits the
Curie-Weiss like T-dependence as shown in the inset in Fig.4.2.6, while the slope changes
around 15K. The T-dependence of FWHM for H|a-axis (open square), H|b-axis (solid
circle) and for Hl|c-axis (solid diamond) are shown in Fig.4.2.7. The magnitude of FWHM
for H|la- and c-axis are similar, but that for H||b-axis is larger than others. In the inset of
Fig.4.2.7, (FWHM), is plotted against (FWHM), or (FWHM). with implicit parameter of
temperature. It is found that (FWHM), is proportional to (FWHM), and (FWHM),. The
ratio of (FWHM), to (FWHM), and (FWHM), are estimated to be 2.6+0.2 and 2.1£0.2,
respectively.

The T-dependence of (H,es2—Hyes1)/2=AH/2 for H||a-axis (open square), H||b-axis (solid
circle) and for H||c-axis (solid diamond) are shown in Fig.4.2.8. The magnitude of AH/2
for H||a- and c-axis are similar, but that for H||b-axis is larger than others. It is found that
(AH/2), is proportional to (AH/2), and (AH/2).. In the inset of Fig.4.2.8, (AH/2), is
plotted against (AH/2), or (AH/2), with implicit parameter of temperature. The ratio of
(AH/2), to (AH/2), and (AH/2), are estimated to be 3.640.2 and 3.430.1, respectively.

The shift of the center line is affected by the Knight shift and the second order quadrupole
effect. It is expressed by eq.(2.14) for $3Cu with =0 as

W= 637nHres - K + 7727/22
637nHres ‘ 12(1 + JK’z)(ei?”}ln-H}'e.s)27

where K, is the Knight shift along the magnetic field. Thus the second order quadrupole
shift is subtracted by extrapolating 1/(53v,H,s)? to zero in (w — 84, H, ) /%y, Hes vs
1/(53, H,.,)? plot for H,., and H,.. at 40K and 60K in Sr14-B. The extrapolation of H,.,
reveals that the splitting of spectrum is not due to the second order quadrupole effect.
AH/2 increases with increasing magnetic field.

The magnetic field dependence of (AH/2), at 30K (solid square), 40K (open circle)
and 60K (solid circle) are shown in Fig.4.2.10. (AH/2), decreases with decreasing mag-
netic field. It is concluded that AH/2 is not caused by the internal magnetic field due to
the antiferromagnetic ordering, but induced by the magnetic field. The T-dependence of
the threshold magnetic field obtained by fitting (AH/2), with linear function is shown in
Fig.4.2.10(b). The AH/2 vs FWHM plots with implicit parameter of temperature for Hf|b-
and c-axis are shown in Fig.4.2.11(a) and Fig.4.2.11(b), respectively. In the T-range be-
tween 15K and 100K, AH/2 is proportional to FWHM. This fact reveals that the increase
of AH/2 and FWHM may be attributed to the same origin.

(4.4)
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As shown in Fig.4.2.12, the increase of AH/2 and FWHM for H||b-axis are found below
100K in Y(0.25) where Y37 is substituted for Sr?* in Sr14-B. The T-dependence of (AH/2),
in Y(0.25) (open diamond) is compared with that in Sr14-B (solid circle) in Fig.4.2.13. In
spite of substituting a small amount of Y3+, (AH/2), in Y(0.25) decreases drastically than
that in Sr14-B. The T-dependence of (FWHM), in Y(0.25) (open diamond) as compared
with those in Srl4-A (open circle) and Sr14-B (solid circle) is shown in Fig.4.2.14. In
contrast with (AH/2),, there found no remarkable difference between the T-dependence of
(FWHM), in Y(0.25) and that in Sr14-B.

4.2.3 Knight shift

The frequency variation of the ladder-93Cu center line NMR spectrum at 200K in Sr14-A
is shown in Fig.4.2.15. It is evident in Fig.4.2.15(a) at f=77.1MHz that two signals are
overlapping with each other. Each signal is expressed by a gaussian curve with the dashed
line and labeled as I or II. The lineshape is well fitted by a solid curve which is composed
of gaussian curves of the signal I and II. Knight shift and FWHM are obtained from the
signal 1. The shift of the signal II arises from the twin of the single crystal Sr14-A which
is described in 4.2.1. The signal II is affected by the second order quadrupole effect. It is
found in eq.(4.4) that the second order quadrupole effect can be eliminated by extrapolating
1/(83v, H,es)? to zero in (w — %y, H,0o) /v Hres vs 1/(83,H,.,)? plot in Fig.4.2.16. The
resonance frequency dependence of the signal I and the signal II for H||b-axis at 200K are
indicated with solid and open circles, respectively. The slope is always positive as far as
using the approximation expressed in eq. (4 4). Although the negative slope is a puzzle, 1t is
too complex to solve the eq.(2.14). (w — 53y, Hyes) /%3 Vn Hres agamst 1/(% % H,c;)? for Hlja-
axis at 130K is plotted with solid or open squares. And (w — 87, H,.%) /v, H,.s against
1/(%34, H,e,)? for Hl|c-axis at 130K is plotted with solid diamonds.

The T-dependence of the ladder-3Cu Knight shift K, for H|la-axis (open square), K
for Hi|b-axis (solid circle) and K, for H||c-axis (solid diamond) are shown in Fig.4.2.17(a).
K, and K, are similar, while K is larger. The orbital (Van Vleck) part of the Knight
shift, K,, and the hyperfine coupling constant cause this anisotropy. We can regard the
spin part of the Knight shift, K, at 0K as zero for the spin singlet ground state. %K, o,
3 Kporp and B K, .4 are assumed to be 0.27%, 0.30% and 1.34%, respectively. %K, .., and
O3 K.orn against 8K, with implicit parameter of temperature are plotted in the inset
of Fig.4.2.17(a). The ratio of ¥ K;/%K, and **K, /%3 K. are estimated to be —1.95 and
—2.00, respectively. The spin part, 8K} o(T)=%K}(T)-%3 K} ors, is shown in Fig.4.2.17(b).
—8K, (T) is well fitted by the following equation derived by Troyer et al. [11]

1 A
stvxswﬁexp <—-7:) (4.5)

with A4=550£30K. The magnitude of the spin gap is larger than that in SrCu,O;3 [1, 2].
K, (o =a,b,c), is expressed as

. Ag
Aa,s = Z WXQ,S

Azy q)ezq r;
= Ll Noro

. 4.6
Ngeverah® (46)
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where q and A%(q) are the wave vector and the Fourier component of the hyperfine coupling
constant, respectively. By assuming the supertransferred hyperfine interaction with the ad-
jacent Cu spins, the hyperfine coupling constant, A,(q), is expressed with the anisotropic
on-site hyperfine coupling constant, A,, and the isotropic supertransferred hyperfine cou-
pling one, B, as [12]

An(q) = A, + 2B¢cosq.c + Bcosg,a, (4.7)

where a and ¢ are the Cu-Cu distance along the a- and c-axis, respectively. The hyperfine
coupling constant at q=(0,0) is expressed as

A,(0) = Aq + 2B° + B° - (4.8)

Since the spin magnetic susceptibility is isotropic, the anisotropy of K depends on that of
the hyperfine coupling constant. K} is connected with Ky(a=a and ¢) as [12]

I\”b(T) = K’b,s+Kb,orb

Ax(0) -
= = 35 Xs + I\b,orb
Ngeyeynh?
Ap(0) . i
= K,(T) - Ky or K orb- 4.9

Ap(0)/A.(0)A,(0)/Ac(0)~ — 2 is obtained.

The T-dependence of K ; in Sr14-A (open circle), Sr14-B (solid circle) and Y(0.25) (open
diamond) are shown in Fig.4.2.18. Since the NMR spectrum begins to split below 100K in
Sr14-B and Y(0.25), — K, is plotted above 100K. Ap=500+40K in Sr14-B and Ay¢.25=
550+30K in Y(0.25) are estimated.

4.2.4 nuclear spin-lattice relaxation rate

The T-dependence of 1/T7 in Sr14-A and Srl4-B are shown in Fig4.2.19 in logarithmic
scales. Open circles and squares correspond to 1/7; in Srl4-A for Hl|b-axis, (1/71)as,
at f=125.1MHz. Open circles are results which are well fitted by the theoretical recovery
function of eq.(2.27) as shown in Fig.4.2.21(al). On the contrary, open squares was decided
tentatively in the range of Ry r(t) between 1 and 0.1 due to the deviation from eq.(2.27)
as shown in Fig.4.2.21(a2). (1/71)a, indicated by open squares below 200K is distributed.
(1/Ty)pp in Sr14-B, at f=125.1MHz is plotted in the same manner as that in Sr14-A.
Although (T1)p, is decided uniquely by the theoretical recovery function eq.(2.27) above
200K (solid circle), but not below 200K (solid square). In NQR measurements, T} is
obtained uniquely by the eq.(2.27) above 180K (solid diamond) as shown in Fig.4.2.21(b1),
but not belowl180K. Tj-rate in NQR, (1/T11)g, is indicated with the short 7} component
(up triangle) and the long one (down triangle) below 180K as fitted in Fig.4.2.21(b2), while
the vertical bar is not the error bar but the distribution of (1/71)g.

In the two-leg spin-ladder system, 1/T} shows an activated T-dependence. The magni-
tude of the spin gap is estimated by the following function [11] as

1 A
o~ i 4.
T ea:p( T) (4.10)
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at T<A. The magnitude of the spin gap are estimated to be A, ,=830K in for Sr14-A
in NMR, Ap »=1080K for Sr14-B in NMR and A, (=620K in NQR, respectively. The
Arrhenius plots of 77 against 1/7 in semi-logarithmic scale are shown in Fig.4.2.20. In
general, the nuclear relaxation in the 1D spin-chain and spin-ladder systems with the spin
gap occurs dominantly via the two-magnon Raman process, in which a thermally excited
magnon [k, o) scatters into a state |k + ¢, 0’) by the hyperfine interaction accompanied by
the nuclear spin flop. Although the equal-time antiferromagnetic (AF) spin correlations
have a maximum at q = (7, 7), these fluctuations do not contribute since they have a large
energy gap. At low temperatures the main contributions arise from k,~7 along the chain
with requirement of energy conservation law, where q=(0,0) [11]. In such a case, due to
the diffusive spin dynamics near q~(0,0), 1/77 was shown to follow the field (resonance
frequency) dependence of H™'/2~w~1/2 [13, 14]. Furthermore, in most gapped systems,
the spin gap, Ar , deduced from the activation low of 1/7) is by 1.4~1.8 times larger than
that from the magnetic susceptibility or the Knight shift, A, [2, 14, 15, 16, 17]. This fact
actually promoted theoretical considerations, which have then predicted to be A, 2\/§AX
in the high temperature region [18] and Ar, = 1.5A, even at low temperatures [19].
Takigawa et al. clarified that the EFG fluctuation contributes to the spin-lattice relax-
ation below 200K [20]. (1/T1)¢ is given by the spectral density of EFG fluctuations at the
NQR frequency wy and expressed by assuming an exponential correlation function as

1 27,
—) = K———— 4.11
(Tl)Q 1+ (woe)?’ (411)

where 1/7, is the inverse correlation time of EFG fluctuations and the constant K is
determined by the maximum value of (1/T})g. And they concluded that a broad maximum
around 100K of (1/71)q is due to the temperature variation of 1/7.. Since the recovery
function R(t) is given by the relaxation process due to the magnetic interactions, the
experimental recovery curve deviates from the theoretical one below 200K as shown in
Fig.4.2.21.

In NMR measurements, 1/7; in Sr14-A and Sr14-B show the steep peak around 15~20K.
Although the EFG fluctuations are considered to contribute the nuclear spin lattice relax-
ation below 200K, the experimental results are fitted by the theoretical recovery function of
eq.(2.27). The magnetic interactions contribute the nuclear spin lattice relaxation 15~20K.
Furthermore the spin-spin relaxation rate in Sr14-B due to the T} process, Ty, derived from
the decay of the spin echo intensity shows the steep peak around 15-20K in Fig.4.2.22(a).
On the other hand 1/T%,, in Sr14-A increases gradually with decreasing temperature, while
it was not measured below 20K because the ladder spin echo signal overlaps with the
chain(+2) one. Judging from the temperature dependence of 1/T5; in NQR for Sr14-A,
it decreases with decreasing temperature below 20K. Thus 1/75; in the NMR measure-
ment for Sr14-A is supposed to decrease with decreasing temperature below 20K. T5; is
obtained by eq.(2.34) with To; and Ty as the fitting parameters. The decay of the spin
echo intensity in Sr14-B at 20K is fitted by a single exponential decay function as shown
in Fig.4.2.22(bl). In contrast, the decay in Sr14-A at 20K is fitted by eq.(2.34) as shown
in Fig.4.2.22(b2).
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4.2.5 Gausian spin-spin relaxation rate

The Gaussian spin-spin relaxation rate in copper oxides is dominated by the indirect
nuclear spin coupling through electron excitations [21]. 1/Ty is generally derived as [22, 23]

(%6)2_17% [ZA4 (m)x%(q) = {23142(7r }] (4.12)

8/"3 q

where x(g) = Rex(q,0) is the static susceptibility. « is the direction of the magnetic field
and p is the natural abundance of the Cu isotope. In SrCusOs, 1/T5¢ was reported to
exhibit the weak T-dependence followed by the saturation at low temperature {2, 3]. The
ladder-%3Cu spin echo decay for H||b-axis was measured on the center line at 125.1MHz.
The experimental results are fitted by eq.(2.33) with To and Ta¢ as the fitting parameters.
The T-dependence of 1/T5; in Sr14-A is shown in Fig.4.2.23(a). 1/T5¢ increases gradually
with decreasing temperature and saturates below 200K. 1/T5; in Sr14-B shows the same T-
dependence in Sr14-A above 200K. The decay of the spin echo intensity fitted by eq.(2.33)
in Sr14-B is shown in Fig.4.2.23(b).

4.3 Experimental Results in the CuQO,; Chain Site

In this section, the results in Cu-NMR/NQR measurements are described. There exist
inherent six holes in Sr;4Cus404;. And almost all of them are supposed to localize in the
CuOs chain. It is considered that holes should be doped into the 2p orbitals on the four
oxygen sites surrounding a Cu site and the spin of the hole forms the Zhang-Rice(ZR)
singlet [24] with the central Cu spin. The Cu site forming the ZR singlet is considered to
be non-magnetic. In this text, the ZR singlet Cu sites and S=1/2 Cu ones are called as
chain(+3) and chain(+2), respectively.

4.3.1 NMR/NQR spectrum

The ladder- and chain(+3)-%3Cu center line NMR spectrum for H||b-axis at T=30K
and f=125.1MHz in Sr14-A is shown in Fig.4.3.1. The chain(+3)-Cu signal splits in the
temperature range between 30K and 180K. The chain(+3)-Cu signal on the higher and
. the lower magnetic field are named as « and f3, respectively as shown in Fig.4.3.1. The
T-variation of the chain(+3)-%3Cu center line NMR spectrum is shown in Fig.4.3.2.

The T-variation of the chain(+3)-Cu NQR spectrum is shown in Fig.4.3.3. « and (3 sites
are assigned by the experimental results of the spin-lattice relaxation time (77) because T}
is more magnetic in the 3-site. The highest frequency « site at 34.15MHz does not shift
with increasing temperature and its intensity decreases. It is supposed that the width of
the NQR spectrum decreases with decreasing temperature due to the formation of the spin
singlet.

The spin echo signal of the chain(+2) signal is also identified by Takigawa et al [20]. The
T-dependence of the chain(+2)-%3Cu in Sr14-A for H||b-axis is shown in Fig.4.3.4, denoted
by an arrow. The chain(+2)-83Cu shifts rapidly with increasing temperature. The spin-
echo signal of the chain(+2)-Cu site becomes to be difficult to be detected with increasing
temperature. It is invisible above 30K.
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4.3.2 Knight shift

The T-dependence of the spin part of the chain-®3Cu Knight shift for H|[b-axis, K, in
Sr14-A is shown in Fig.4.3.5. K, ,(+3a) for the chain(+3a)-Cu site and K, ;(+30) for the
chain(+438)-Cu one are expressed with down and up triangles, respectively, in the T-range
between 30~180K, while the chain(+3) signal with the solid diamond in other temperature
range. And K ,(+2) for the chain(42)-Cu site is expressed with the solid circle. Kp (+30)
is well fitted by the dimer model expressed as [5]

. 1 1
_RSNXDN—-

T 3+ exp(A/T) (4.13)

with the magnitude of the spin gap of A=127K. In contrast, K} ;(+3a) decreases gradually
with decreasing temperature below 180K and shows the rapid falling into zero below 80K.
K s(+2) is fitted by eq.(4.3) with A=106K below 30K as shown in the inset of Fig.4.3.5.

K3 +(+33) in Sr14-B(solid circle) exhibits the same T-dependence of that in Srl4-A. As
far as the experimental results in the chain-Cu site are concerned, there found no significant
difference between that in Sr14-A and in Sr14-B.

4.3.3 nuclear spin-lattice relaxation rate

The T-dependence of the NMR spin-lattice relaxation rate of the chain(+3)-%Cu for
H||b-axis in Sr14-A is plotted in logarithmic scales as shown in Fig.4.3.7. T} was measured
on the center line at 125.1MHz. Up and down triangles correspond to the chain(+3,3)-
and the chain(+3,a)-%3Cu sites, respectively. 1/T} shows an activated T-dependence. The
Arrhenius plot of T} against 1/T is plotted in semi-logarithmic scales as shown in the
inset of the Fig.4.3.7. The magnitude of the spin gap is estimated to be A=100K in the
chain(+3,a) and be A=140K in the chain(+3,3) by using the eq.(4.10). Since an estimation
is performed in ta narrow T-range, the magnitude of the spin gap in both Cu sites are not
so accurate. But the magnitude of the spin gap derived from the 1/7} is supposed to be
consistent with that from the Knight shift.

The T-dependence of the NQR 1/7} of the chain(4+3)-53Cu is plotted in logarithmic
scales as shown in Fig.4.3.8. The Arrhenius plot of T} is shown in the inset of Fig.4.3.8.
and the magnitude of the spin gap is estimated to be A=140K.

4.4 Discussion

4.4.1 magnetic field induced staggered magnetization in the two-leg ladder
system

The occurrence of the magnetic field induced uniform staggered magnetization (SM)
in the ladder-%Cu NMR spectra in Sr14-B may raise a new problem in the quantum
spin systems which have a singlet ground state. A lot of experimental and theoretical
studies about the impurity effects on the singlet ground state such as Spin-Peierls, Halden
and even-leg ladder systems have been performed. Regnault et al. first observed the
coexistence of the antiferromagnetic (AF) long-range ordering and the dimerization in the
Spin-Peierls system, CuGe;_,Si,O3, with very small amount of disorder of y=0.007 by
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~ the neutron scattering measurement [25]. The theoretical explanation for this unexpected
feature has been proposed by Fukuyama et al. [26]. They indicate that the stabilization of
the singlet ground state due to the quantum coherence is very susceptible to the randomness
which results in the appearance of the staggered moments. Azuma et al. observed the
long-range AF ordering in the non-magnetic impurity-Zn doped two-leg ladder system of
Sr(Cu;y_,Zn,)203 with even only 1% of Zn by the specific heat measurements [27]. The
theoretical investigations on the AF ordering in Sr(Cu;_.Zn, )03 have been performed.
Fukuyama et al. suggest that a non-magnetic impurity replacing a spin induces a staggered
spin modulation in the S=1/2 AF Heisenberg two-leg ladder system, which has a spin gap
if clean [28]. Cu-NMR/NQR measurements have been performed in Sr(Cu;_,Zn,),03 and
Sry—.La,Cu03 by Ohsugi et al. [29]. They confirmed the existence of the long-range AF
ordering from the broadening of Cu-NQR spectrum at 1.4K in 1 and 2% Zn substituted
SrCus03. Furthermore, they observed the applied magnetic field induced the SM in La-
substituted SrCusOj3, while the long-range magnetic ordering does not occur above 1.4K.

There are no impurities which cause the SM in Sr14-B, but there exist inherent holes.
Most of holes are suggested to exist in the CuQOs chain. Since only a few percent of non-
magnetic impurities disturb the singlet ground state in the two-leg ladder system, holes
doped into the two-leg ladder system are considered to induce the SM. Holes are doped
into the four oxygen sites surrounding a Cu and form the Zhang-Rice(ZR) singlet with Cu
S=1/2 spins. The Cu sites forming the ZR singlet regards as non-magnetic. Spin defects
due to the ZR singlet are considered to play same role as the non-magnetic impurity of
Zn in Sr(Cu;_.Zn,)203. The spin singlet ground state in the two-leg ladder system is
shown in Fig.4.4.1(a) and the spin formation in the SM due to the defect of the spin
in Fig.4.4.1(b) [28]. The SM due to the ZR-singlet in Sr14-B is sketched in Fig.4.4.2(b).
Dagotto et al. predict that carriers doped into the two-leg ladder system do not scatter each
other but make pairs on rungs not to break the spin singlet [30] as shown in Fig.4.4.2(a).
It is supposed that the amount of holes in the two-leg ladder system in Sr14-B to be small
and exist alone each other. On the contrary, holes in Srl4-A are supposed to make pairs
as shown in Fig.4.4.2(a).

Counsidering the exponential decay of the SM size with a spin correlation length &, it
is expressed at ¢-th Cu site in the chain-A and B running along the c-axis with Cu-Cu
distance of ¢ ,respectively, as

sto= X |-0rtsie (- o+ 6t(-I + e)}exp{“(‘]‘y%%}

sy -0 -
+ (—1)”‘“150%1,{_ (L : f)C}] (4.15)

1 (z>0)
a(x)z{o (z < 0)

where L and L' are the site number of unpaired spins and spin defects, respectively. The
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shift of Cu at i-th site is expressed with the uniform shift proportional to the uniform
susceptibility at and the alternative shift due to the SM via the hyperfine coupling as
K = K, + Kg;. The alternative part for the chain-A and -B are expressed as

(Kg)i = (ansSP +basShy + b Sty + by SP) [y hHy (4.16)
(K5 = (ansSP+bnsSE, +bnpSE L + bupS2)/vahiH. (4.17)

The supertransferred hyperfine coupling, by, is very small compared with the on site
hyperfine coupling, asys, in the two-leg ladder system [12]. The broadening of a NMR
spectrum due to the SM is shown schematically in Fig.4.4.3(a), where arrows indicate the
distribution of K.

It is difficult to explain the splitting of NMR spectra in Sr14-B by considering the SM
due to localized holes, i.e. fixed spin defects. The model for the splitting and broadening of
NMR spectra in Sr14-B is proposed schematically in Fig.4.3.3(b). It is remarkable that the
SM are induced in rather uniform manner in the two-leg ladder in Sr14-B. It is speculated
that the collective motion of holes may average out the SM. For instance, the collective
motion of Charge-Density-Wave or the hopping of holes is suggested, since the resistivity
is insulating. The increase of the average of spin, (S), with decreasing temperature, causes
a increase of AH/2 below 100K. Since the motion of holes are supposed to be inactive with
decreasing temperature, the SM begins to be distributed partially and FWHM increases.
T-variation of the population of the staggered moments, P(S), is shown in Fig.4.4.4.

Since Y3* substitution for Sr?* yields the random potential and decreases of the hole
content, it is considered that holes easily localize. In Y(0.25), the temperature dependence
of FWHM is similar to in Sr14-B but the fact that the AH/2 decreases remarkably may
support this speculation.

4.4.2 dimerization in the CuO, chain

The dimerization in CuO, chain is strange because the bonding angle of Cu-O-Cu is
nearly 90° for which ferromagnetic spin correlation is expected. Matsuda et al. confirmed
that the dimers are formed between spins which are separated by 2 and 4 times the distance
between the nearest-neighbor Cu ions [31].

In NMR measurements, it was clarified that there is a considerable difference in the
magnetic properties between the chain(+3,o) and the chain(+3,5). Especially, the T-
dependence of —% K, in both sites as shown in Fig.4.3.5(a) are quite different. The
T-dependence of —%3K} ;(+3,8) below 100K is well explained by the noninteracting dimer
model, but that of —%Kj, (+3,a) shows a different behavior. It is considered that the
transferred hyperfine field from chain(+2)-Cu S=1/2 spins is the main contribution to
83 K},s(+3) because of S=0 at Cu(+3) sites for the ZR-singlet. —%3K, ,(+3) in the a-Cu
site and the B -Cu one are expressed as

) 2B,

—63Rb,s(+3’ 05) WXS (418)
. 2B

_63Kb,s(+3a /B) - N’)’ ’Yﬂh2 Xss (419)

where 2B, and 2B are the transferred hyperfine coupling constant at the o~ and 8-Cu
sites. The experimental results of —% K, ,(+3) suggest that 2B, and 2B3 depend on
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temperature. In spite of increase of x, in the temperature range of 80~180K as shown
in Fig.4.1.3(b), =% K, .(+3, ) decreases gradually. And it falls into zero rapidly below
80K with decreasing x,. This fact suggests the decreasing of 2B,. T-dependence of the
hyperfine coupling constants of B, and By divided by B at 200K are shown in Fig.4.3.5(b).
It is reasonable that the distance between Cu(+2) and Cu(+3,) increases with decreasing
temperature below 200K but that between Cu(+2) and Cu(+3,3) decreases. Thus the
adjacent Cu(+42) shift to the inverse direction each other to approach Cu(+3,3). Matsuda
et al. support the possibility of this idea by X-ray diffraction measurements [32]. Since
the solid curve fitting =% K}, ,(+3, 8) is obtained by using the experimental results below
100K and the hyperfine coupling constant, 2By, is considered to increase below ~200K, a
calculation is overestimated in the temperature range of 100~180K.

A ratio of the integrated intensity for the chain(+3,a) to that for chain(+3,43) is obtained
to be about 1.2 from the NQR spectrum at 4.2K in Sr14-A. The dimerization model in CuQOs»
chain as shown in Fig.4.4.4 is proposed by NMR/NQR measurements, which is consistent
with the result of the inelastic neutron scattering measurement [31].

4.5 Conclusion

Comprehensive Cu NMR/NQR measurements have been performed on the single crystals
of Sr14Cu24041 and Sry375Y0.95Cu2404; containing the CuO, chain and the CupO3 two-leg
ladder. By separating the Cu NMR/NQR spectra between the chain-Cu site and the
ladder-Cu one. In thesé compounds, that holes are inherently doped plays an important
role to disturb the quantum coherence in the singlet ground state in the two-leg ladder and
to form dimers in the chain.

In the two-leg ladder, there exists the spin gap of about 500K which is larger than that
in SrCuy0s3. It is found that the magnetic field induces a staggered magnetization in Sr14-
B below ~100K. The origin of the staggered moments is suggested to be attributed to
unpaired holes. Although the antiferromagnetic long range ordering due to spin defects in
the two-leg ladder system has been studied experimentally and theoretically, it has been
shown in this study that the staggered moments are induced by unpaired holes. It is
suggested taht holes do not localize to average out the staggered moments.

Since the peak of the NMR spin-lattice relaxation rate, 1/77, around 15K does not
depend on the magnetic field, it is not attributed to the fluctuations of impurity spins. The
fluctuations of the staggered moments may cause the peak of 1/75; and 1/7; around 15K
because those in Sr14-B are steeper than those in Sr14-A as shown in Fig.4.2.22(a). The
collective motion of holes are supposed to become dull with decreasing temperature, and
holes may localize around 15K. The critical slowing down of spin-fluctuations is expected
to cause the peak of 1/T%; and 1/T} around 15K. Although the splitting and broadening in
Sr14-A are not observed, the motion of hole-pairs may be localized around 15K. The long-
range magnetic ordering at low temperature is not evident. The magnetic moments are
reduced due to the spin singlet correlations. The 3D magnetic interaction between ladder
layers may be weak because non magnetic CuOs layers break off it due to the dimerization
and ZR-singlet.

NMR/NQR measurements revealed the existence of the spin gap of 100~140K in the
CuO; chain which had been suggested by the magnetic susceptibility measurement. The
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unique dimerization model in the CuQO, chain with nearly 90° Cu-O-Cu bond angle was
proposed in this work.
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Cu,O5 2-leg ladder
Sr-layer
o3 SO CuO, chain

ECY

Fig.4.1.1 (a) Composite drawing of the complete Srj4Cu2404 structure[7]. (b) CuOs chain.
(c) Srlayer. (d) Cuz03 two-leg ladder layer.
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Fig.4.3.2 Temperature variation of the chain(+3)-53Cu center line NMR spectrum for H||b-axis
in Srl14-A.
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Fig.4.4.5 Dimerization model in CuO2 chain. (a) T>200K. (b) T<200K.
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Chapter 5

SUMMARY
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NMR/NQR measurements on hole-doped two-leg ladder systems of La;_,Sr,CuOs 5 and
S114Cu240y4; have clarified the magnetic properties and the effects of the carrier-doping.

Cu NMR experiments have revealed that the ground state of LaCuOs5 is not in the
spin liquid state with the spin gap in disagreement with the previous suggestion from the
susceptibility measurement. Alternatively, it has been shown that a magnetic ordering
takes place below Ty ~110 K as evidenced by the large increase of 1/T; and the divergent
behavior of 1/T5 leading to the disappearance of the Cu-NMR signal. Furthermore, it has
been found that Ty is strongly reduced upon doping and the paramagnetic state is stabilized
by substituting Sr for La by 5%. The present NMR experiments have found a contrast
of the ground state between the two-leg ladder compounds, SrCuyO3 and LaCuOg 5. The
magnetic interaction among the ladders in LaCuOy 5, which is not frustrated, has been
pointed out to lead to the magnetically ordered state. No signature of superconductivity
in the Sr-doped LaCuOs5 compound may be partially responsible for the lack of a spin
gap in the parent compound LaCuQOy 5.

On the other hand, comprehensive Cu NMR/NQR measurements have been performed
on the single crystals of Sr;4Cu2404 and Sri3.75Y025Cu2404;, which contain the CuOs
chain and the CuyO3 two-leg ladder, by discriminating between both Cu sites with Cu
NMR/NQR spectra. In these compounds, inherently doped holes play an important role
to disturb the quantum coherent in the singlet ground state in the two-leg ladder and to
form dimers in the chain. In the two-leg ladder, there exists the spin gap of about 500K
which is larger than in SrCusQj3. It was found that the magnetic field induces a staggered
magnetization (SM) in Sr14-B below ~100K. The origin of the SM is suggested to be
attributed to unpaired holes. Although the antiferromagnetic long range ordering due to
spin defects in the two-leg ladder system has been studied experimentally and theoretically,
it has been shown in this study that the SM is induced by unpaired holes. It is suggested
that holes do not localize to average out the SM. The long-range magnetic ordering at low
temperature is not evident. The SM is reduced due to the spin singlet correlations. The 3D
magnetic interaction between the ladder planes may be weak because non magnetic CuO,
chain layers break off it due to the dimerization and ZR-singlet. NMR/NQR measurements
revealed the existence of the spin gap of 100~140K in the CuOs chain which had been
suggested by the magnetic susceptibility measurement. In the CuOs chain, the unique
dimerization model, which is consistent with the result of the inelastic neutron scattering
measurement, was proposed in this work.
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