
Spin correlation and spin gap in quasi-one-dimensional spin-1/2 cuprate oxides:
A 63Cu NMR study

K. Ishida, Y. Kitaoka, Y. Tokunaga, S. Matsumoto, and K. Asayama
Department of Material Physics, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka-fu 560, Japan

M. Azuma, Z. Hiroi, and M. Takano
Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611, Japan

~Received 17 July 1995!

The Cu-NMR nuclear relaxation rate,63(1/T1) and Gaussian spin-echo decay rate,63(1/T2G) have been
measured in order to investigate the low-energy spin dynamics in the quasi-one-dimensional~1D! spin-1/2
antiferromagnetic~AF! cuprates such as Ca2CuO3 with single chain, SrCuO2 at ambient pressure~AP! with
zigzag chain coupled by weak ferromagnetic exchange interaction, SrCu2O3 and Sr2Cu3O5 comprising of
two- and three-leg ladder, respectively with isotropic AF exchange interaction along and between chains. In
Ca2CuO3 , 1/T1 stays constantly close to the 3D magnetic ordering temperature,TN;10 K, dominated by
dissipation of overdamped spinons gas as shown theoretically by Sachdev. By contrast, in AP-SrCuO2 , 1/T1
below around 100 K decreases markedly down to the 3D magnetic ordering temperature,TN;3 K, providing
a signature that the frustrated ferromagnetic interaction between CuO zigzag chains makes the spin gap open.
In the spin-1/2 ladder compounds of SrCu2O3 and Sr2Cu3O5 consisting of two- and three-leg, respectively,
the former was demonstrated in the literatures to have the spin gap amounting to a half of AF exchange
constant,J/2 whereJ51300 K. For the latter, on the other hand, the magnetic coherence length,j(T) grows
up according toj(T);1/(T2u) and as a result, the magnetic ordering emerges around 50–60 K accompa-
nying the divergence of 1/T1 . In the compounds composed of single and triple chains, it is shown that there is
no analog of renormalized classical region identified in the 2D spin-1/2 cuprate such as La2CuO4 , but the spin
dynamics is in the quantum critical regime over wideT range due to the finite size of chains, even though the
3D magnetic ordering takes place at very low temperature. This is considered because the spin correlators have
a power-law decay only along the chain, but between chains is limited to the number of chains in contrast to
the 2D square lattice. For the compounds with two chains, the exchange coupling between chains leads to the
formation of spin gap phase regardless of whether its sign is antiferromagnetic or ferromagnetic. A result on
doping into the two-leg ladder, SrCu2O3 is argued in terms of the localization effect of carriers.

I. INTRODUCTION

Since the discovery of the high-temperature supercon-
ducting cuprate, the subject of spin-1/2 quantum antiferro-
magnets in low-dimensional systems has been a very active
field, since the parent compounds of high-Tc cuprates such
as La2CuO4 and YBa2Cu3O6 were the spin-1/2 two-
dimensional~2D! antiferromagnetic~AF! Heisenberg sys-
tems and Mott insulators.1 The spin dynamics of La2CuO4

was extensively studied from theoretical and experimental
points of view. Its ground state is a Ne´el order atT50 and a
very weak interlayer coupling enhances the 3D Ne´el tem-
perature to;300 K. Chakravartyet al.2 showed that in the
paramagnetic state of the 2D Heisenberg system, there are
two regimes of spin correlation; namely, one is the renormal-
ized classical regime where the correlation lengthj(T) de-
velops as exp(2prs/T) for T,rs , and the other is the quan-
tum critical regime wherej(T);(T1u)21 for T.rs . Here,
the zero temperature spin stiffness constantrs is given by
rs50.2J;300 K in La2CuO4. As a matter of fact, the theo-
retical description has well explained the spin dynamics in-
vestigated by the Cu nuclear quadrupole resonance~NQR!
~Refs. 3,4! and inelastic neutron scattering experiments.5

Another novel class of spin-1/2 antiferromagnets is the

1D system, which is known to be generally critical in con-
trast to the 2D system possessing a Ne´el order atT50. Fo-
cusing on the case of a finite range of couplings where the
ground state is critical and hence in a lower-T region thanJ,
the spin correlator has an analog of the quantum-critical re-
gime of the 2D system. Sachdev has shown that the nuclear
relaxation is dominated by dissipation from a gas of ther-
mally activated, overdamped spinons and has led to the fol-
lowing low-T results of the nuclear-spin lattice relaxation
rate 1/T1 and Gaussian spin-echo decay rate 1/T2G :
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wherea is the lattice spacing andAi (A') is the hyperfine
coupling constant parallel~perpendicular! to the magnetic
field. c is theT50 spinon velocity, andD is a nonuniversal
spin diffusion constant dependent on the choice of the mi-
croscopic exchange constants. These formulas were derived
in such a context that since spinon excitations interact
strongly with other thermally excited spinons, resulting in a
very short lifetime, the NMR relaxation is dominated by
these overdamped spinons. Upon considering the ratio of the
above two rates (T1T/T2G), it was noted that the unknown
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prefactor cancels and numerical factor is not important as far
as the T dependence is concerned. Different from the
(T1T/T2G) being constant for the 2D quantum critical re-
gime, it is remarkable that its ratio in the 1D system is pro-
portional toAT. Apparently, theoretical understandings of
the ground state properties are in good shape in describing
either 1D or 2D spin-1/2 antiferromagnets, and hence sys-
tematic experiments are desired.

The related low-dimensional system is the Heisenberg AF
ladder comprising spin-1/2 coupled chains. Johnstonet al.
suggested that the spin-1/2 ladder model might describe the
magnetic properties of~VO! 2P2O7.

7 Although they ana-
lyzed their susceptibility data based on the dimerized
Heisenberg chain model, Dagottoet al. applied extensive
theoretical approaches to determine the ground state energy
and the low-lying excitation spectrum of the spin-1/2 ladder
and found a nonzero spin gap for all interchain AF couplings,
J'.0.8 Most remarkably, based on such a ladder model that
consists of twot-J chains witht8-J8 couplings forming the
rungs between chains, they showed that for an insulating half
filled ladder, the spin gap depends onJ8/J, whereas for a
doped system withJ;J8, the added holes tend to make lo-
calized pairs at adjacent sites. In the scheme of numerical
studies, this model at finite doping was argued to involve the
possibility of either superconducting correlation or charge-
density-wave~CDW! long range order at zero temperature.

Meanwhile, Riceet al.9 theoretically investigated the na-
ture of the ground state of a homologous series of cuprates
compounds, Srn21Cun11O2n (n53,5,7,9,11,. . . ) which
forms the spin-1/2 ladders withJ;J8 comprising an even
number of legs (n53,7,11,. . . ) and oddnumber of legs
(n55,9,13,. . . ). They concluded that the compounds with
n53,7,11,. . . , i.e., two, four, and six legs, should be a frus-
trated quantum spin liquid with a spin gap, whereas the
phases withn55,9,13,. . . , i.e., three, five, and seven legs,
should have a gapless ground state and hence a weak inter-
layer coupling leads to the 3D magnetic ordering at lowT.
Most remarkably, it was predicted that lightly doping into the
former system leads to the onset of singlet superconductivity,
maintaining the spin gap.10 These novel magnetic properties
of the undoped ladder systems have been evidenced by a
subsequent neutron scattering experiment on~VO! 2P2O7
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and susceptibility and NMR relaxation experiments on
SrCu2O3 (n53) and Sr2Cu3O5 (n55) with two and three
legs, respectively.12,13 In particular, the latter systems have
provided an interesting opportunity to systematically inves-
tigate the nature of the spin correlation depending on the
number of coupled chains.

In the light of experimental and theoretical efforts to look
for new parent compounds for the novel superconductivity, it
is important to clarify the nature of the spin correlation of
quasi-1D systems and to be compared with that in the 2D
system. The NMR experiments have been proved to be a
powerful tool in studying the spin dynamics of the 2D anti-
ferromagnetic and doped superconducting cuprates. In this
paper, we report a systematic NMR relaxation study of the
low-lying spin dynamics in quasi-1D spin-1/2 systems such
as Ca2CuO3 with linear chains, SrCuO2 at ambient pressure
~AP! with zigzag chains, SrCu2O3 with two-leg ladders,
Sr2Cu3O5 with three-leg ladders and La-~electron-! doped
SrCu2O3.

Figure 1 indicates the crystal structures Ca2CuO3 ~a!,
SrCuO2 ~b!, SrCu2O3 ~c!, and Sr2Cu3O5 ~d! from top to
bottom. In Ca2CuO3, the CuO4 square forms a linear
Cu-O-Cu bond aligned along theb axis, while in SrCuO2,
the interactions via 90° Cu-O-Cu bonds between two linear
Cu-O-Cu chains must be much weaker than along linear
chains and are even ferromagnetic and hence frustrated. In
SrCu2O3 (n53), the zigzag chains in AP SrCuO2 are
coupled with each other by the 180° Cu-O-Cu bonds in the
same plane which is stacked alternatively with Sr sheets
along thec axis. Thus each linear CuO bond in the zigzag
chains forms two-leg ladders which are coupled via the 180°
Cu-O-Cu bond with one another. In Sr2Cu3O5 (n55), one
more Cu-O-Cu linear bond is inserted between two legs,
forming a three-leg ladder. With an increasing number ofn,
i.e., number of legs, a dimensional crossover to the 2D sys-
tem is expected since then5`; e.g., the infinite layer com-
pound is nothing but the 2D square lattice, which changes to
the high-Tc superconductor by doping either holes or elec-
trons.

II. EXPERIMENTAL PROCEDURES

The synthesizing process of the samples was described
elsewhere.14 In the NMR measurements, the Cu NMR spec-

FIG. 1. Crystal structures of ambient pressure~AP! phases
Ca2CuO3 ~a! and SrCuO2 ~b! and high-pressure~HP! phases
SrCu2O3 (n53) ~c! and Sr2Cu3O5 (n55) ~d! from top to down.
Squares and spheres represent CuO4 and Sr or Ca atoms.
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trum was obtained by sweeping external field using the su-
perconducting magnet (12 T at 4.2 K!. T1 of 63Cu was
measured by the saturation recovery method on the
(1/2↔21/2) central transition of the quadrupole split NMR
spectrum in a magnetic field of 11 T. The nuclear relaxation
functionR(t) for the central transition (1/2↔21/2) is given
by15

R~ t !5@M02M ~ t !#/M050.1 exp~2t/T1!

10.9 exp~26t/T1!, ~2!

whereMz(t) is the nuclear magnetization for the central
transition at timet after saturation pulses. The experimental
results were fitted well by the above relaxation function. The
spin-echo decay timeT2G was measured by changing time
interval (t) between first and second pulses. The experimen-
tal spin-echo decay data were fitted to the function16

M ~2t!5M0expH 2
1

2 S 2t

T2G
D 22 2t

T2L
J . ~3!

1/T2G is the spin-echo decay rate associated with the indirect
coupling of the nuclear spins mediated by the electron spins,
i.e., AF spin fluctuations argued extensively in the
literature,17 and 1/T2L is the decay rate associated with the
nuclear-spin-lattice relaxation (T1) process.
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T2G could be reliably determined provided that the line-
width of the Cu NMR spectrum is narrow enough to be
saturated by an exciting rf field, since nuclear spins are
needed to be uniformly flipped by thep pulse. The strong rf
field H1 with about 150 Oe allowed us to determineT2G by
virtue of the narrower linewidth of the Cu NMR spectrum
thanH15150 Oe.

III. EXPERIMENTAL RESULTS

A. Ca2CuO3 with a linear chain

The sample was not oriented even in a magnetic field of
11 T. The broad NMR spectrum of unoriented powder pre-
vents the precise measurement ofT2G . By analyzing the
powdered pattern of the Cu NMR spectrum, the Knight shifts
parallel (K i) and perpendicular (K') to thec axis were es-
timated to beK i50.76~%!, K'50.19~%!, which do not show
anyT dependence in aT range of 20–300 K. Upon lowering

the temperature, the Cu NMR spectrum becomes broader
below 50 K, and disappears below 12 K. The cause for the
broadening of the NMR spectrum below 50 K is considered
to be due to the dipole field from impurity spins, whereas the
disappearance of the Cu NMR signal is due to the onset of
magnetic order around 10 K.19 1/T1 was measured between
12 and 300 K at the peak of the NMR spectrum arising from
grains of which the local symmetry axis is directed perpen-
dicular to the magnetic field. The relaxation function of the
magnetization recovery after saturation pulses,R(t), is well
fitted by Eq.~2! with a single component of (T1) above 20
K. As shown in Fig. 2, 1/T1 stays constantly in the entireT
range. The nearly constant value of 1/T1 is almost the same
as that in the three-leg ladder Sr2Cu3O5 as presented later.
Unfortunately,T2G is difficult to measure because the pow-
der is not oriented. Accordingly, the theoretical formula of
T2G derived in Eq.~1! by Sachdev cannot be addressed here,
but the result of 1/T1 seems to be consistent with the predic-
tion, dominated by thermally activated spinons. We further
note that theT independence of 1/T1 contrasts with the spe-
cific heat result which is proportional to the temperature due
to the presence of a pseudo Fermi surface of spinons.20 In
order to complete the study of the 1D AF spin-1/2 Heisen-

FIG. 3. Cun11O2n plane in SrCu2O3 (n53)
and Sr2Cu3O5 (n55).

FIG. 2. T dependence of 1/T1 in Ca2CuO3 with linear chains
and SrCuO2 ~AP! with zigzag chains.
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berg system, we plan to do the NMR experiment on the
single crystal which enables us to measureT2G .

B. SrCuO2 with zigzag chain

The CuO2 plane in AP SrCuO2 consists of the one-
dimensional zigzag chains as shown in Fig. 1~b!. It should be
noted that the interaction between zigzag chains must be
weakly ferromagnetic, due to the 90° Cu-O-Cu, and frus-
trated. Since the powder was not oriented, the Cu NMR
spectrum of the central transition~1/2↔21/2) exhibited the
typical powder pattern affected by the combined effects of
the small nuclear quadrupole frequencynQ and the aniso-
tropic Knight shift. From the anisotropic Cu NMR spectrum,
K i andK' are estimated to beK i50.98~%!, K'50.19~%!,
respectively, both of which areT independent as in
Ca2CuO3. T1 was measured at the main peak where thec
axis of each grain is perpendicular to the external field. The
experimentalR(t) is well fitted by Eq. ~2! with a single
component ofT1 from 50 K to 300 K. TheT dependence of
1/T1 is also shown in Fig. 2 together with the results of
Ca2CuO3. 1/T1 stays constantly above 100 K with a twice
larger relaxation rate than that in Ca2CuO3, implying that
the spinon velocity for the zigzag chain is somewhat lower
than for the linear chain. Below 100 K, 1/T1 , however, be-
gins to decrease with lowering temperature. Although 1/T1 is
not described by an activation type, it is considered that the
low-energy weight of the spin correlation is significantly re-
moved by weak ferromagnetic interactions between zigzag
chains.

The Cu NMR spectrum disappears below 5 K, indicating
that there exists some magnetic order as in Ca2CuO3. Ac-
tually 3D magnetic order was reported by a susceptibility
measurement.21 If the interchain interaction leading to the
3D Néel order were absent, the spin gap would be present.
Since there are no data ofT2G which reflect to what extent
the spin correlation is developed with temperature, we can-
not give a definite conclusion about the spin gap.

C. Ladder with two- and three-leg SrCu2O3 and Sr2Cu3O5

The recent progress of the high-pressure techniques made
it possible to synthesize the ideal spin-1/2 ladder compounds
which are suitable for theoretical study. In a homologous
high-pressure phase, each Cun11O2n (n53,5,7) sheet con-
sists of a periodic CuO2 plane separated by zigzag chains.
The Cun11O2n planes in SrCu2O3 and Sr2Cu3O5 are illus-
trated in Fig. 3, respectively. As shown in Fig. 3, two- and
three-leg ladders are coupled by way of 90° Cu-O-Cu bonds
across the interface. The superexchange constant along the
90° Cu-O-Cu bond is considered to be one order of magni-
tude smaller than along the 180° Cu-O-Cu bonds, and to be
even ferromagnetic.22

In a previous paper, we reported the Knight shift and the
T1 results of

63Cu obtained by using the oriented powder of
SrCu2O3. From an activated decrease of63(1/T1) in a T
range of 100–300 K, a spin gapD was evidenced to open
with the value of 680 K.13 Theoretically, since the spin gap is
predicted to be the half of the intraladder AF exchange con-
stant,J/2 andJ should be 1300 K, judging from the similar-
ity to the square CuO2 plane,23 the experimental value

D5680 K deduced from theT1 experiment was approxi-
mately in agreement with the theoretical estimation,
J/25650 K, although the gap, 420 K, estimated by fitting the
magnetic susceptibility data, is considerably smaller than the
values mentioned above. The reason for the disagreement is
not yet clear at the moment.

By contrast, the susceptibility data of the three-leg
Sr2Cu3O5 suggested to have no spin gap.

12 Then the disap-
pearance of the NMR signal below around 100 K may be due
to the appearance of 3D magnetic ordering since the mag-
netic coherence length develops with lowering temperature.
Actually, a recent muon-spin-resonance~mSR! experiment
reported that Sr2Cu3O5 exhibited unusual magnetic order-
ing around 50–60 K.24

Here, we collect more extensive63Cu NMR results of
Sr2Cu3O5 and prove that the character of the magnetic cor-
relationj is quite different between two- and three-leg lad-
ders from theT2G measurement. Figure 4 shows a Cu NMR
spectrum of oriented powdered Sr2Cu3O5 at 115.1 MHz. As
denoted in the inset of Fig. 4, there are present two crystal-
lographic inequivalent Cu sites; i.e., the coordination of site I

FIG. 4. Cu NMR spectrum of oriented powdered Sr2Cu3O5 at
115.1 MHz, where thec axis of each grain is aligned parallel to the
external field. The inset shows the coordination of two Cu sites.

FIG. 5. T dependence ofKc andKab in Sr2Cu3O5 . The inset is
theT dependence ofxs where the Curie term is subtracted from the
raw data.
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is the same as that in SrCu2O3 and the coordination of site II
is the same as that in the CuO2 square lattice. Corresponding
to two Cu sites, the Cu NMR spectra are well articulated by
the electric quadrupole interaction as marked by arrows in
the figure where each63Cu and65Cu (I53/2) site consists of
three peaks due to the first order nuclear quadrupole effect.
From an analysis of the Cu NMR spectrum, the quadrupole
frequency (nQ’s! ~MHz! of each Cu site is estimated as

na521.93, nb528.43, nc510.36 ~MHz! ~site I!,

na522.79, nb523.85, nc56.64 ~MHz! ~site II!.

nQ of site I is almost the same as that in SrCu2O3,
13 and

nQ of site II is nearly equal to that of CuO2 plane in the
infinite-layer compound.25 This means that the local elec-
tronic state is determined by the local coordination of oxy-
gens through the 3d-2ps covalent bonds.

The central lines arising from the~1/2↔21/2) transition
of Cu ~I! and ~II ! sites are overlapped with one another,
indicating that the magnetic shifts are almost the same even
if nQ is different between two sites. TheT dependences of
the Knight shifts parallel, Kc(T), and perpendicular,
Kab(T), to the external field are collected in Fig. 5 together
with the data of the magnetic susceptibility, where the Curie

tail at low T was subtracted from the raw data, since the
NMR shift shows no Curie tail. The corrected susceptibility
xs(T) in Sr2Cu3O5 gradually decreases with lowering tem-
perature, in contrast to the susceptibility of SrCu2O3 that
was fitted with the spin gap.

In order to estimate the hyperfine coupling constants par-
allel, Ac , and perpendicular,Aab , to the c axis, Kc and
Kab are plotted with respect to the corrected susceptibility
xs with temperature as an implicit parameter as indicated in
Fig. 6. A linear relation holds in both components of the
shift. Ac andAab are estimated from the slope of linear lines
to beAc5292.4~kOe/mB) andAab559 ~kOe/mB). It should
be noted that these values are dominated by the on-site hy-
perfine values without an appreciable supertransferred hyper-
fine couplingB which was very large in the CuO2 square
lattice with a range of 40–100 kOe/mB .

26 This novel differ-
ence of the NMR hyperfine parameter was also reported for
two-leg ladder SrCu2O3 in the previous paper.13 Accord-
ingly, the electronic structure of ladders is different from the
CuO2 square lattice in such a context that the Cu(3d)-
O(2ps) covalent bond has no admixture with the 4s states in
the four nearest neighbor Cu sites.

Figure 7 shows theT dependence of 1/T1 and 1/T2G in
Sr2Cu3O5, whereas in Fig. 8, theT dependences ofT2G and

FIG. 6. K-x plot in Sr2Cu3O5 .

FIG. 7. T dependence of 1/T1 and 1/T2G in Sr2Cu3O5 .

FIG. 8. T dependence ofT2G andT1T in Sr2Cu3O5 .

FIG. 9. Typical fitting of spin-echo decay in Sr2Cu3O5 to esti-
mateT2G .
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T1T are plotted. Here,T2G was deduced from the fitting with
Eq. ~3! as seen in Fig. 9. 1/T1 and 1/T2G were uniquely and
precisely determined, indicating that the magnetic properties
are not different between two Cu sites, although the central
transitions from two inequivalent Cu sites are overlapped
with one another.

Below 100 K, we could not observe the Cu NMR signal
due to the extremely short relaxation time, which suggests
that the magnetic coherence lengthj rapidly grows up.

In general, 1/(T1T) is given in terms of the imaginary part
of the dynamical susceptibility as27

1

T1T
5

gn
2kB
2mB

2 (
q

A~q!2
x9~q,v!

vn
,

wheregn is the nuclear gyromagnetic ratio of
63Cu andA(q)

is the q-dependent hyperfine field called the form factor.
vn is the nuclear Larmor frequency. In the ladder system,
A(q) does not depend onq with no supertransferred hyper-
fine field in the Mila-Rice nuclear spin Hamiltonian for the
CuO2 square lattice. In the case that a Lorentzian spectrum
having aq-dependent spin relaxation rateGq is assumed for
x9(q,v)/vn , (1/T1T) is expressed as

1

T1T
;A'

2
x'9 ~Q,v!

vn
}
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GQ
,

wherex(Q) is the staticq-dependent susceptibility around
(Q5p/a) for a quasi-1D AF system.T2G is dominated by
the indirect nuclear spin-spin interaction mediated by the AF
spin correlation as extensively argued in the literature on the
high-Tc cuprates and is described by17

S 1

T2G
D 2;(

q
A~q!4x~q!22S (

q
A~q!2x~q! D 2.

From Fig. 8, T2G for Sr2Cu3O5 is proportional to
(T2u) with u540 K, which is not consistent with the ex-
pectation from the 1D quantum critical regime whereT2G
follows a AT dependence from Eq.~1!. Interestingly, the

ratio of (T2G /T1T) becomesT independent above 200 K as
indicated in Fig. 10, which is not expected for the 1D
system,6 but for the 2D quantum critical regime.3 Sr2Cu3O5
is considered to exhibit the magnetic ordering around 50–60
K as suggested from the disappearance of the NMR signal
andmSR experiment,24 while the renormalized classical re-
gime argued in the 2D Heisenberg square lattice wherej
shows an exponentialT dependence is absent in Sr2Cu3O5
down to 100 K. Thus, the nature of the spin correlation in
Sr2Cu3O5 with a three-leg ladder is different from either the
1D or 2D system. At this point, it should be noted that from
the T dependence of (T1T) indicated in Fig. 8,
T1T;GQ /xQ is proportional to (T2u8) with u8580 K,
which is twice as large asu540 K from theT2G vs T plot.
Namely, j and GQ seemingly reach an infinite value and
zero, respectively, as if approaching different magnetic or-
dering temperatures. These novel differences of the spin cor-
relation in Sr2Cu3O5 may be considered to be due to finite
size effects of legs which means thatj in the direction of the
rung is limited by the number of legs and/or the presence of
the 3D interaction along thec axis which is responsible for
the magnetic order.

Next, we compare the results in the three-leg ladder with
the two-leg ladder. As shown in Fig. 11, 1/T2G in the two-leg
ladder SrCu2O3 reveals a much weakerT dependence than
that in the three-leg ladder Sr2Cu3O5, sincej remains short
range due to the opening of the spin gap.28 Therefore, the
ratio of T2G /T1T is dominated by the spin gap formation as
indicated in Fig. 10. Thej, i.e.,x(Q), stays constantly in the
spin gap state becausexQ is relevant to the energy integra-
tion of the imaginary part of the dynamical susceptibility
from the Kramers-Kronig transformation. Namely, even in
the spin gap state, the instantaneous spatial spin correlation
is considered to be finite overj/a; 3–4 as calculated theo-
retically.

D. Electron doping into a two-leg ladder SrCu2O3 „n53…

In order to investigate the effect of the electron doping on
the spin-gap state, the Knight shift andT1 in 5% doped

FIG. 10. T dependence ofT2G /(T1T) in SrCu2O3 (n53) and
Sr2Cu3O5 (n55).

FIG. 11. T dependence of 1/T2G in SrCu2O3 (n53) and
Sr2Cu3O5 (n55).
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SrCu2O3 have been measured. Below 160 K, the Cu NMR
spectrum for the oriented powder with thec axis parallel to
the magnetic field at 11 T became broader and was difficult
to observe below 80 K. The cause of the broadening of the
NMR spectrum is ascribed to the randomly oriented dipole
field from local moments induced by doping La into Sr
sites. Figure 12 shows theT dependence of 1/T1 in
~Sr0.95La0.05)Cu2O3 together with the data for undoped
SrCu2O3. T1 was uniquely determined from the fitting to
Eq. ~2! above 100 K. The inset in Fig. 12 indicates theT
dependence of the Knight shift parallel to thec axis. As seen
in the inset, theT dependence of the Knight shift is almost
invariant, whereas 1/T1 is enhanced at lowT by doping La.

In general, the presence of local moments behaving as
paramagnetic makes the linewidth of the NMR spectrum
broaden by the randomly oriented dipole field for local mo-
ments, whereas the Knight shifts are not significantly af-
fected, since the gravity of the NMR spectrum does not shift
on average by such a dipole field. By contrast, the relaxation
rate is dominated by a fluctuation of moments acting as the
relaxation center, masking an intrinsic relaxtion channel as
actually observed in La-doped SrCu2O3.

From the Knight shift measurement, since the spin gap is
not seemingly changed by 5% La doping, an enhancement of
1/T1 by doping La is possibly caused by the spin fluctuation
of local moments produced by breaking singlet states by
electron doping associated with the localization of doping
electrons.

From the Knight shift measurement in SrCu2O3, the su-
pertransferred hyperfine coupling (B), arising from the co-
valent bond between Cu(3dx22y2)-O(2ps) and Cu(4s) in
the four nearest neighbor Cu sites, is considered to be small,
as reported in the previous paper.13

Therefore the doped carrier is expected not to have the
conductive character so much. In fact, Azumaet al.29 re-
ported that the doped carriers in La-doped SrCu2O3 seemed
to remain localized; nevertheless, the electron carriers were
added into the Cu2O3 sheet, in agreement with our experi-
mental results. The experimental result in~Sr12xLax!Cu2O3

is quite in contrast with in La-doped SrCuO2 ~infinite-layer
compound! which changes from an AF magnet to a super-
conductor by only 5% La doping. In the infinite-layer com-
pound, the hybridization between two Cu sites is considered
to be large, since the supertransferred hyperfine coupling
(B) is about 50 kOe/mB .

We suggest that the high mobility of the doped carriers
ascribed to the strong hybridization may be indispensable for
attaining superconductivity.

IV. SUMMARY

In Fig. 13 are collected theT dependences of 1/T1 for
linear chain Ca2CuO3, two-leg ladder SrCu2O3, and three-
leg ladder Sr2Cu3O5. The NMR relaxation studies have
clarified the novel nature of the spin correlation depending
on the number of chains. In Ca2CuO3 with a single linear
chain, even though the weak 3D interaction brings about
magnetic order atTN;10 K, the spin correlator seems to be
in a quantum critical regime, (1/T1) staying constantly down
to TN . In AP SrCuO2 with a zigzag chain, the weak ferro-
magnetic exchange passing through the 90° Cu-O-Cu bond
tends to depress the low-energy spectral weight of the spin
correlation aroundQ5(p/a). If the 3D magnetic order were
absent, the spin gap would be present. In SrCu2O3 with a
two-leg ladder, the spin gap formation was evidenced from
the susceptibility and NMRT1 measurements in the previous
paper. Furthermore, from the weakT dependence ofT2G , it
was ensured that the magnetic coherence lengthj remains
short range, pointing to the exponential decay of the spatial
spin correlator.28 In contrast, from theT dependences ofT1
andT2G in Sr2Cu3O5, the marked decrease of the magnetic
relaxation rateGQ and the increase of the magnetic coher-
ence lengthj below 200 K are consistent with the gapless
nature of the spin correlators. Triggered by the weak 3D
magnetic interaction, the magnetic order is considered to

FIG. 12. T dependence of 1/T1 in ~Sr0.95La0.05)Cu2O3 together
with SrCu2O3 . The inset is theKc vs T plot.

FIG. 13. T dependence of 1/T1 in Ca2CuO3 with linear chains,
SrCu2O3 with two legs, and Sr2Cu3O5 with three legs in logarith-
mic scale.
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take place around 50–60 K. Above 200 K, the ratio of
T2G /T1T is nearly the constant, meaning that the quantum
critical regime similar to the 2D Heisenberg square lattice
sets in the high-T region.

In La-doped SrCu2O3, the electronlike carriers were
shown to be localized, dominating the low-energy excitation
by local moments induced around localized carriers.
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