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Spin and charge dynamics in the hole-doped one-dimensional-chain–ladder composite material
Sr 14Cu24O41: Cu NMR/NQR studies
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Naoki Motoyama, Hiroshi Eisaki, and Shinichi Uchida
Department of Superconductivity, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

~Received 11 June 1997!

Comprehensive63,65Cu NMR/NQR measurements have been performed on single crystals of Sr14Cu24O41,
a hole-doped material containing alternating layers of one-dimensional CuO2 chains and Cu2O3 ladders.
While the ladder sites show a unique resonance, two distinct resonance spectra are obtained for the chain sites.
They are assigned to the magnetic Cu sites with spin-1/2 and the nonmagnetic Cu sites, which form the
Zhang-Rice~ZR! singlet with holes on the oxygen sites. The NMR spectrum at the ZR chain sites shows sharp
multipeak structure at low temperatures, indicating a long period of superstructure. The structure becomes
obscure and peaks merge into a single broad line with increasing temperature due to thermally induced disorder
or motion. A giant oscillation of the spin-echo intensity was observed at the magnetic chain sites as a function
of the time separation betweenp/2 andp rf pulses. This is well explained if these sites form spin-singlet
dimers, which interact very weakly with each other. The nuclear spin-lattice relaxation rate (1/T1) at both
chain sites shows an activated temperature dependence belowT550 K with a gap of 125 K, corresponding to
the singlet-triplet splitting of the dimers. The ZR chain sites show an anomalous increase of 1/T1 above 200 K.
The ladder Cu sites also show an activated temperature dependence of 1/T1 with a gap of 650 K above 200 K,
indicating a spin-gap in the ladders. However, 1/T1 at the ladder sites measured by zero-field NQR is domi-
nantly caused by fluctuations of the electric-field gradient~EFG! in the temperature range 30–150 K and shows
a peak nearT5100 K. This is most likely caused by slow motion of doped holes and/or lattice distortion. The
inverse correlation time of the EFG fluctuations is estimated using a simple model of motional effects. It shows
an activated temperature dependence with a gap of 230 K, which is an order of magnitude smaller than the
activation energy for the electrical conductivity~2200 K!. @S0163-1829~98!05402-2#
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I. INTRODUCTION

Although the study of one-dimensional~1D! magnetism
has very long history, recent discovery of various quasi-
quantum antiferromagnets and progress in analytic and
merical theories have significantly advanced this field.
spin-1/2 Heisenberg chain with a nearest-neighbor excha
shows quantum critical behavior1 that both the antiferromag
netic correlation length and the characteristic time scale
spin fluctuations diverge as 1/T at low temperatures, eve
though no long-range order is achieved atT50. This behav-
ior has been supported by recent nuclear magnetic reson
~NMR! experiments2 on Sr2CuO3. A weak perturbation can
change such a critical ground state into either a Ne´el ordered
state or a more disordered state. For example, weak in
chain coupling induces 3D antiferromagentic order with
small ordered moment,3 while coupling to phonons induces
spin-Peierls transition into a dimerized singlet ground st
with an energy gap in the spin excitations spectrum.

Coupling two spin-1/2 Heisenberg chains to form a lad
also leads to a singlet ground state with a spin-gap an
finite correlation length atT50. This was predicted
theoretically4–8 and confirmed by subsequent experiments
compounds with ladder structure such as SrCu2O3 ~Ref. 9!
and~VO! 2P2O7.10 The existence of a spin gap is obvious
the limit that the interchain exchange along the rung is m
570163-1829/98/57~2!/1124~17!/$15.00
u-

ge

f

ce

r-

e

r
a

n

h

larger than the intrachain exchange along the leg,4,5 since the
ground state is then simply a collection of singlets along
rung. For a general ratio of the two exchange constants,
ground state is a resonating valence bond state,6,8 in which
singlet pairs are resonating along the rung and along the
A remarkable theoretical prediction was made4,5,11,12 that
mobile holes doped into such spin ladders would be boun
pairs, leading either to superconducting condensation o
charge-ordered ground state. Intuitively, the hole pairing
due to the gain in exchange energy when two holes
bound closely so that all spins can still make pairs, compa
to the case when they are far apart and, therefore, two sin
pairs have to be broken. Thus the recent discovery of su
conductivity in Sr142xCaxCu24O41,13 which includes the lad-
der structure as its subunit, has raised great interest in
material, which remained largely unexplored until recen
since the early days of high-Tc activities.14,15

The structure of Sr14Cu24O41 shown in Fig. 1 has
the alternating stack of Sr-CuO22Sr-Cu2O3 layers.15 The
CuO2 subunit contains linear chains in which neare
neighbor Cu ions are coupled by two Cu-O-Cu bonds wit
nearly 90° bond angle. This structure is similar to the sp
Peierls compound CuGeO3.16 The Cu2O3 subunit contains
ladders in which Cu ions are coupled via nearly 180° C
O-Cu bonds. The ladders are coupled by 90° Cu-O-
bonds. The interladder exchange is frustrating and expe
1124 © 1998 The American Physical Society
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57 1125SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
to be much weaker than the intraladder exchange. This
unit has the same structure as the two-leg spin-lad
material SrCu2O3,17,9 for which the presence of a gap ha
been established. The Cu-Cu distance in these two sub
are incommensurate but satisfy the approximate relation
3cchain.73cladder.

15 A significant feature of this material i
the average Cu valence of12.25, i.e., six holes per formula
unit are already doped without substitution. Of course
average valence changes if there is oxygen nonstoichiom
or cation deficiencies. The electrical resistivity is highly a
isotropic and is of the order of 1023V cm along the most
conductingc axis at room temperature.18 It shows a semi-
conducting temperature dependence with an activation
ergy of 2200 K, therefore, the holes must be localized at
temperatures.

The magnetic properties of Sr14Cu24O41 have been stud
ied by susceptibility (x),19,20,18NMR/NQR ~nuclear quadru-
pole resonance!,21–23 electron-spin resonance~ESR!,19 and
neutron-scattering experiments.24,25 In Fig. 2 is shown the
temperature dependence ofx along thea direction measured
by Motoyamaet al.18 It shows a maximum at 80 K and a
activated behavior is revealed at lower temperatures a
subtracting the Curie term. Carteret al.20 argued that the
susceptibility from Cu2O3 ladders should be negligibly sma
compared with the measuredx below 200 K, if one assume
that the the former can be approximated by the susceptib
of the isostructural SrCu2O3 that has an excitation gap o
420 K.9 A large activation gap of 500–700 K has been

FIG. 1. The crystal structure of Sr14Cu24O41. ~b! and ~c! show
the CuO2 chain and Cu2O3 ladder subunit, respectively.
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deed observed by the NMR relaxation rate at the ladder
sites21–23and the neutron-scattering spectrum25 was found to
be consistent with a gap of 35 meV for the ladder. Thus
susceptibility data indicates that the ground state of Cu2
chains is also a singlet with a spin gap. The decrease of
ESR intensity at low temperatures19 also indicates a single
ground state.

Matsuda and Katsumata19 and Carteret al.20 found that a
simple dimer model~an isolated pair of antiferromagnet
cally coupled spin-1/2! gives a good fit to the low-
temperature part ofx. The solid line in Fig. 2 shows the
result of the dimer model x52ND(gmB)2/kBT@3
1exp(J/kBT)# with the number of dimersND52.0 per for-
mula unit (g52.05 along thea direction19! and the in-
tradimer exchangeJ5130 K. The NQR relaxation rate at th
chain Cu sites22,23also revealed an activation energy of abo
140 K. The deviation ofx from the dimer model at high
temperatures can be attributed to the contribution from
ladders. Although there are ten chain Cu atoms in a form
unit, the susceptibility data implies that only four of the
contribute tox. A natural explanation is that each hole dop
into the chains occupies a linear combination of 2p orbitals
on the four oxygen sites surrounding a Cu cite and form
Zhang-Rice~ZR! singlet26 with the central Cu spin, thereb
reduces the number of active Cu spins. The dimerization
been supported also by neutron-scattering experiments
Matsudaet al.,24 who observed strong inelastic peaks fro
the chains in the energy range 9–13 meV with weak disp
sion.

The optical reflectivity in Sr14Cu24O41 ~Ref. 27! shows a
plasma edge at 0.5 eV. The low energy~below 1.2 eV! spec-
tral weight of the optical conductivity increases as Sr is
placed with Ca, indicating the hole redistribution from chai
to ladders. The dc resistivity also becomes more meta
with Ca substitution,28,20,18 until finally superconductivity
sets in13 for Sr0.4Ca13.6Cu24O41 below Tc512 K under a
pressure of 3 GPa.

In this paper, we report results of comprehensive NM
NQR experiments at both the ladder and the chain Cu site
Sr14Cu24O41. Compared with the previous NMR/NQR
results21–23 on powder samples, which mostly focused

FIG. 2. Temperature dependence of the magnetic susceptib
along thea direction measured by Motoyamaet al. ~Ref. 18!. The
solid dots represent the raw data and the open circles are obta
by subtracting the Curie term. The line indicates the result of
dimer model as described in the text.
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1126 57TAKIGAWA, MOTOYAMA, EISAKI, AND UCHIDA
establishing spin gaps at both Cu sites, our results on si
crystals revealed rich spectral feature and unexpected re
ation phenomena. While the nuclear spin-lattice relaxat
rate at the ladder sites measured by NQR at zero field sh
an activated temperature dependence aboveT5200 K with
an activation energy of 650 K, it shows a minimum atT
5150 K and a broad maximum nearT5100 K. The nuclear
relaxation is dominantly caused by fluctuations of the lo
electric field gradient via the nuclear quadrupole coupling
the temperature range 30–150 K. The correlation time
charge fluctuations is estimated. Two distinct NMR spec
are observed for the chain Cu sites, which are identified
the dimer and the ZR singlet sites. The spectrum at the
singlet sites shows a sharp structure with many peaks at
temperatures, indicating the existence of microscopically
equivalent sites due to superstructure. These peaks get b
ened and eventually merge into a single broad line at h
temperatures, indicating that the site distinction becomes
scure due to thermally induced disorder or motion. A gia
oscillation of the spin-echo intensity is observed at the dim
chain sites as a function of the time separation betweenp/2
andp rf pulses. This is explained by nuclear spin-spin co
pling between two sites within a dimer, which is well sep
rated from other dimers. Models of charge order and dim
ization in the chains are presented.

In Sec. II we describe the experimental procedure an
brief summary of how to obtain the shift, the quadrupo
splitting, the spin-lattice, and the spin-spin relaxation ra
from NMR/NQR measurements in spin systems. The NM
NQR results on the ladder~chain! Cu sites are presented an
analyzed in Sec. III A~Sec. III B!. The implication of the
results on the spin and charge dynamics in this materia
discussed in Sec. IV, followed by a summary in Sec. V.

II. EXPERIMENTAL PROCEDURE

Single crystals of Sr14Cu24O41 were grown by the
traveling-solvent floating-zone method18 using a infrared fur-
nace in an oxygen atmosphere at 3 bars. Two single crys
were used in these studies. The crystal used in high-fi
NMR measurements has the dimension 43532 mm3. A
somewhat larger piece (43833 mm3) was used for zero-
field NQR measurements.

Since the results presented in the next section are obta
from a wide variety of NMR/NQR measurements and a
related to many different aspects of resonance phenomen
will be useful to summarize here the basic formulas used
obtain these results in a systematic way.29,30 We consider
explicitly two Cu isotopes (63Cu and65Cu! with nuclear spin
I 53/2 in a magnetic insulator. The Hamiltonian acting on
nuclear spin ati th sitesI i can be written as

H5gn\H0I z
i 1(

j
I i

•A i 2 j
•Sj12mBgn\^r 23&I i

•L i

1(
ab

Vab
i Qab

i , ~1!

where the first term is the Zeeman energy due to exte
field along thez direction (gn is the nuclear gyromagneti
ratio!, the second and the third terms are the magnetic
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perfine interactions with electron spin and orbital momen
respectively, and the final term is the quadrupole interact
between electric-field gradient~EFG! at the nuclear position
Vab5]2V/]xa]xb and nuclear quadrupole momentsQab
5eQ/$6I (2I 21)%$3/2(I aI b1I bI a)2dabI (I 11)%. Note
that the spin hyperfine interaction generally has a fin
range. It is usually sufficient to consider the on-site and
nearest-neighbor coupling,A0 andA1. The Hamiltonian can
be divided into the static~time averaged! and the fluctuating
parts,H5Hst1Hfl , where

Hst5gn\H0I z
i 1(

j
I i

•A i 2 j
•^Sj&12mBgn\^r 23&I i

•^L i&

1(
ab

^Vab
i &Qab

i

5gn\H0~11Kz!I z
i 1(

ab
^Vab

i &Qab
i , ~2a!

Hfl5(
j

I i
•A i 2 j

•dSj1(
ab

dVab
i Qab

i , ~2b!

with

Kz5Kz,spin1Kz,orb

Kz,spin5(
j

Azz
i 2 jxz,spin

gmBgn\
, Kz,orb52^r 23&xz,orb, ~3!

wherexspin andxorb are the spin and the~van Vleck! orbital
susceptibility. The term containingdL has been dropped
since it is unimportant for Cu21 with a nondegenerate orbita
state.

We first discuss the static part Eq.~2a!, which determines
the basic feature of NMR/NQR spectra. If the nuclear po
tion has a cubic point symmetry,^Vab&50 and the first term
gives equally spaced nuclear-spin energy levelsEm
5gn\H0(11Kz)m (m5I z). Since the transitionsI z
5m↔m61 are observed in NMR, there is a single res
nance line at a frequency (11Kz)n0, wheren05gnH0/2p is
the resonance frequency in a diamagnetic substance. H
Kz is called the magnetic shift. In a noncubic environme
the second term also leads to the splitting of nuclear s
levels and resonance between them can be observed
when H050 ~nuclear quadrupole resonance, NQR!. For I
53/2, there are two doubly degenerate levels, giving rise
a single NQR line. When bothH0 and ^Vab& are not zero,
we consider the case relevant to our experiments that the
term in Eq.~2a! is much larger than the second term so th
the latter can be treated by a perturbation theory up to sec
order. We assume that the magnetic field is along one of
principal axes of the EFG tensor so that^Vab&50 for a
Þb. Since in Sr14Cu24O41, the crystallinea, b, andc axes
are approximately the principal axes of both EFG and
hyperfine coupling tensor, this condition will be met whe
the field is applied along one of the crystalline axes. T
resonance frequency for theI z5m↔m21 transition is
given as
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57 1127SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
nm5~11Kz!n02nz~m21/2!1dm,1/2

~nx2ny!2

12~11Kz!n0
, ~4!

wherena5^Vaa&(eQ/2h). There are three resonance lin
for I 53/2. The central line (m51/2) is unshifted by the
first-order quadrupole effect but shifted by the second-or
effect. The satellite lines (m53/2,21/2) are shifted only by
the first-order effect. Measurement ofn3/2 and n21/2 deter-
mines Kz and unzu. One can also determineKz and
unx2nyu by measuringn1/2 for more than two different val-
ues ofn0 (H0). SinceKz determined in both ways should b
identical, one can identify which central and satellite lin
belong to the same site when there are many different s
Another important fact is that, since(ana50, all three val-
ues of unau (a5x, y, andz) can be determined from mea
surements for only one direction of field. This enables us
identify which sets of quadrupole split lines for differe
field orientation belong to the same sites. The NQR f
quency at zero field is then equal toA2/3(nx

21ny
21nz

2)1/2.
In our experiments, the NQR spectra at zero magn

field were obtained by adding Fourier-transformed spectr
spin-echo signal taken at discrete frequencies, whose spa
is smaller than the spectrometer band width which is ty
cally 200 kHz. The NMR spectra at high magnetic field we
obtained by recording the integrated intensity of the sp
echo signal by a boxcar averager while sweeping the m
netic field, instead of changing the frequency at a fixed m
netic field.

Let us turn to the fluctuating part Eq.~2b!. Such a time-
dependent perturbation causes transitions between diffe
nuclear-spin levels and leads to the spin-lattice relaxa
phenomena. In our experiments, the spin-lattice relaxa
rate (1/T1) was measured by the inversion recovery meth
First ap pulse is applied to invert the populations of the tw
levels, between which the resonance is being observed.
recovery of the populations toward the thermal equilibriu
is monitored by the intensity of the spin-echo signal at a ti
t after thep pulse. In NQR experiments, where there is on
one resonance line, the spin-echo intensity follows a sin
exponential function

I ~ t !5I `2$I `2I ~0!%exp~2t/T1,NQR!, ~5!

where 1/T1,NQR is twice the transition probability betwee
the nuclear-spin levels. Since usually there is no correla
between the two terms in Eq.~2b!, both terms contribute to
1/T1,NQR additively,

1/T1,NQR5~1/T1!M1~1/T1!Q , ~6!

where (1/T1)M is the magnetic relaxation rate due to sp
fluctuations and (1/T1)Q is the quadrupole relaxation rat
due to phonons and charge fluctuations. These two contr
tions can be separated experimentally by measuring 1/T1 for
the two isotopes with sufficient accuracy, since (1/T1)M

}gn
2 and (1/T1)Q}Q2 and the isotopic ratio of these mo

ments are different, (65gn /63gn)251.148, (65Q/63Q)2

50.856. In high-field NMR experiments, the recovery of t
spin-echo intensity depends on which transition is being
served. If the relaxation is purely magnetic, the recov
curve is given as31
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I ~ t !5I `2$I `2I ~0!%$0.9exp~26t/T1!10.1exp~2t/T1!%
~7a!

for the central line and

I ~ t !5I `2$I `2I ~0!%$0.4exp~26t/T1!10.5exp~23t/T1!

10.1exp~2t/T1!% ~7b!

for the satellite lines and 1/T1 is related to the spin-
correlation function by32

1/T15~1/2\2! (
a5x,y

(
q

uAa~q!u2E
2`

`

exp~2 iv0t !

3^dSa~q,t !dSa~2q,0!&dt, ~8!

where A(q)5( jA
i 2 jexp(iRi 2 j

•q), dS(q)5(1/
AN)( jdSjexp(iRj

•q), v0 is the NMR frequency andA is
assumed to be diagonal. Similarly, the quadrupole relaxa
is related to the correlation function of EFG. However, sin
it involves two types of transitions, one withDI z51 and the
other withDI z52, there is no unique expression for quadr
pole relaxation such as Eqs.~7! and ~8!.

So far we considered a single nuclear spin interact
with the electron spin and lattice systems. Nuclear spin-s
coupling of the form

Hss5\(
^ i , j &

I i
•a~Ri 2 j !•I j ~9!

causes the transverse relaxation, decay of the magnetiz
perpendicular to the external field. A trivial source of su
coupling is the direct nuclear dipole interaction. In magne
materials, however, the Rudermann-Kittel-Kasuya-Yos
interaction mediated by electron spin systems is usu
more important and is given by33–35

aa~R!5
1

\~gmB!2(
q

xa~q!uAa~q!u2exp~2 iq•R!.

~10!

The transverse relaxation is most commonly measured
spin-echo decay, i.e., the spin-echo intensity as a functio
the time separationt between 2/p and p pulses. When
ax ,ay!az , the couplingaz leads to a Gaussian spin-ech
decay,

I ~2t!5I 0exp$2~2t!/T2L2~2t!2/~2T2G
2 !%, ~11a!

~1/T2G!25
c

8(iÞ j
uaz~Ri 2 j !u2, ~11b!

if the measurement is done by NMR on one of the quad
pole split lines. Herec is the abundance of the isotope~0.69
for 63Cu! and 1/T2L is the decay rate due to the spin-lattic
relaxation process, which can be determined from the m
surement of 1/T1. Measurements of 1/T2G provides impor-
tant information on the staticq-dependent susceptibility
x(q) of spin systems, which is complementary to the info
mation provided by 1/T1.
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III. RESULTS AND ANALYSIS

A typical NMR spectrum in Sr14Cu24O41 is shown in Fig.
3 obtained atT5150 K with a wide sweep range of th
magnetic field along thec direction. We observed two sets o
lines, corresponding to two distinct sites. Each set consist
six lines, corresponding to three quadrupole split lines~a
sharp center line and two broad satellite lines! for both 63Cu
and 65Cu isotopes. The assignment of these lines to the ch
and the ladder Cu sites are also shown in the figure.
assignment was made first based on the values of the q
rupole splittingna . For one set of lines, we obtainedunau
52.6, unbu513.5, anduncu510.9 MHz for 63Cu, which are
similar to the values in the two-leg spin-ladder compou
SrCu2O3 ~Ref. 36! (unbu510.15 andunau,unbu51.46, 8.69
MHz! and hence assigned to the ladder Cu sites. The o
set assigned to the chain Cu sites shows approximate
symmetry of EFG around theb axis with unbu532 MHz.
Such symmetry is expected only for the chain sites. Indee
similar result has been obtained for the spin-Peierls co
pound CuGeO3 that has similar chain structure asunau
5(19.7,34.0,14.3) MHz.37 These assignments are mo
firmly supported by their distinct temperature dependen
of K and 1/T1, as will be discussed in detail below. Our si
assignment is consistent with other groups21,22 based on the
NQR and powder NMR spectra.

The spectrum in Fig. 3 was taken with insufficient spe
tral resolution due to small gate width set by the boxcar
integrate the spin-echo signal. This results in the spuri
wiggle for the narrow center lines at the ladder Cu sit
With improved resolution, the individual resonance lines
Fig. 3 show rich fine structure, as will be shown in lat
sections.

We found a third set of NMR lines at low temperature
An example of the63Cu center line is shown in Fig. 4. Th
main line at 8.37 T comes from the ladder sites. A new l
appears near 8.33 T below 30 K. As we discuss in deta
Sec. III B 1, we conclude that this line comes from tho
chain sites which carry spin-1/2 and participate in dimer f
mation. Other chain lines shown in Fig. 3, which can
observed at higher temperatures, belong to the Zhang-
~ZR! singlet sites, whosed spin forms a bound singlet with
hole spin on the neighboring oxygen sites. In the followin
we present the results of NMR/NQR spectra, magnetic s

FIG. 3. The spin-echo Cu NMR spectrum atT5150 K obtained
by sweeping the magnetic field along thec direction at the reso-
nance frequency of 79 MHz.
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EFG, 1/T1, and 1/T2G for the ladder and the chain sites sep
rately.

A. Ladder Cu sites

1. NMR/NQR spectra, magnetic shift, and EFG

Although the center line of the ladder sites shows a sh
single peak as shown in Fig. 4 except for weak splitting
low temperatures, the satellite lines are broader and s
temperature-dependent line shape with several peaks
shown in Fig. 5. This indicates a distribution ofna among
the ladder sites. This is not surprising since the incomm
surate lattice mismatch between chains and ladders can c
local lattice distortion in both subunits with long spatial p
riod. Also distribution of localized holes can produce mod
lation of na . Following the procedure described in Sec.
the values of the magnetic shiftKa andna were determined
at each peak of the satellite spectrum for three direction
the magnetic field and are shown in Figs. 6 and 7. The va
of Ka for different peaks are nearly identical except forKb

FIG. 4. Temperature variation of the63Cu center line NMR
spectrum with the magnetic field along thec direction at 95 MHz.
A new line appears below 30 K.

FIG. 5. Temperature variation of the high-field satellite NM
spectrum at the ladder63Cu sites with the magnetic field along th
c direction.
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57 1129SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
below 50 K, indicating that ladder sites are magnetica
rather homogeneous. The overall temperature dependen
Kb is consistent with the theoretical result for the spin s
ceptibility of an undoped spin ladder38 xspin}exp
(2D/T)/AT with D5430 K as shown by the solid line. Al
though this formula is valid in the low-temperature limit (T
!D), it is indistinguishable from more accurate results39 in
the temperature range studied. The value ofD is nearly iden-
tical to that in SrCu2O3 ~420 K!.9

If we assume thatxspin50 at T50, the values ofKa in
the low-temperature limit give the orbital shiftKorb in Eq.
~3!, which should be independent of temperature. We ob
Ka,orb50.19, Kb,orb51.37, and Kc,orb50.25%, which are
close to the values in SrCu2O3,36 K i ,orb50.29 andK',orb
51.31% for the parallel and perpendicular direction to t
ladder plane. They are also close to the values in highTc
cuprates. For example,K i ,orb50.28 andK',orb51.28% for
YBa2Cu3O7.40 This indicates that thedx22y2 wave function
accommodating Cu spins and the crystal-field splitting of
d levels are common to all these cuprates. There is a la
anisotropy also inKspin. Sincexspin is expected to be nearl
isotropic except for the anisotropy of theg value,41 the an-
isotropy ofKspin should be ascribed to the anisotropy of t

FIG. 6. Temperature dependence of the shift at the ladder
sites, determined from the satellite NMR spectra. The differ
symbols correspond to different peaks in the spectra. The line is
fit to the theoretical expression ofxspin for an undoped spin ladder

FIG. 7. Temperature dependence of the quadrupole splittin
the ladder63Cu sites. The different symbols correspond to differe
peaks in the satellite NMR spectra.
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hyperfine coupling constantAa(q50). It is negative and
large for theb direction and positive and small for othe
directions. By plottingKc andKa againstKb , the anisotropy
of Aa(0) was obtained as

Aa~0!:Ab~0!:Ac~0!50.3560.02:21:0.3560.03.
~12!

The quadrupole coupling constantunau shows an interest-
ing temperature dependence~Fig. 7!. It depends on tempera
ture only weakly below 200 K, however, increases stee
above 200 K. The NQR spectrum also changes with te
perature as shown in Fig. 8. At 5 K, the63Cu spectrum
shows a main line with three peaks in the frequency ra
14–14.4 MHz and another distinct peak at 14.7 MHz. As
temperature is raised the high-frequency peak beco
weaker and merges into the main line. The three peak st
ture of the main line also becomes obscure. Above 100
the entire spectrum becomes narrower and moves to hi
frequency, which is consistent with the increase ofunau for
all a. Although the NQR spectrum at 250 K shows a sha
single peak, this must be a coincidence since the sate
spectra for high-field NMR show multipeak structure at
temperatures~see Fig. 5!.

2. NQR nuclear spin-lattice relaxation rate

We first attempted to measure 1/T1 using high-field NMR
at about 8 T assuming that the relaxation process is m
netic. However, the recovery curve did not fit the theoreti
expression Eq.~7!. This has not been noted in the previo
experiments.21–23 Comparison of the recovery curves fo
63Cu and 65Cu then showed that the relaxation process
dominantly quadrupolar in a wide temperature range. Thi
an unusual situation for a spin system, for which one wo
naturally expect that coupling to electron spins is the ma
source for nuclear relaxation. Since the recovery curve
quadrupole relaxation in high-field NMR cannot be det
mined uniquely, we measured 1/T1 using zero-field NQR.
We found that a single exponential function Eq.~5! fits the

u
t

he

at
t

FIG. 8. Temperature variation of the NQR spectrum at the l
der Cu sites. The lines are obtained by adding the Four
transformed spectra of the spin-echo signal as described in the
which agree with the result of point by point measurements sho
by the dots.
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1130 57TAKIGAWA, MOTOYAMA, EISAKI, AND UCHIDA
NQR recovery curve above 200 K but it fails at lower tem
peratures, indicating a distribution of 1/T1. We then used a
stretched-exponential form

I ~ t !5I `2$I `2I ~0!%exp$2~ t/T1,NQR!l%, ~13!

to parametrize the distribution, which fits the data well at
temperatures over more than two decades.

Measurements were done at the center of the main N
line and the values of 1/T1,NQR andl for 63Cu are plotted in
Fig. 9. AboveT5200 K, 1/T1 increases strongly with in
creasing temperature. But it shows a minimum around 15
and a broad maximum near 100 K. The distribution of 1/T1
~deviation ofl from 1! also starts to develop in this temper
ture range as shown in the inset. The isotopic ratio
1/T1,NQR is plotted in Fig. 10. The relaxation is almost e
tirely magnetic above 200 K but quadrupole contribution a
pears below 200 K and becomes dominant below 100
This ratio turns to magnetic again below 20 K. This is p
sumably due to magnetic impurities, which cause an upt
of 1/T1 at very low temperatures. Following the method e
plained in Sec. II, the magnetic and the quadrupole contr
tions for 63Cu are separated and plotted in Fig. 11.

FIG. 9. Temperature dependence of 1/T1,NQR at the ladder63Cu
sites obtained by fitting the recovery curve to the stretched ex
nential form Eq.~13!. In the inset is shown the temperature depe
dence of the stretch exponentl.

FIG. 10. Temperature dependence of the ratio of 1/T1,NQR for
the two Cu isotopes at the ladder sites. The dashed lines indicat
expected ratio if the nuclear relaxation is entirely magnetic or q
drupolar.
ll
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The magnetic contribution (1/T1)M shows approximately
an activated temperature dependence above 150 K, with
activation energyD5650 K, which is between the two pre
vious results on powder samples, 735 K by Akimitsuet al.21

and 470 K by Tsujiet al.22,23Our value ofD is very close to
that observed in the two-leg spin-ladder material SrCu2O3
~680 K! by Ishida et al.36 but considerably larger than th
activation energy forxspin (430650 K, Fig. 6!. Such a dis-
crepancy has been noted also in SrCu2O3 ~Ref. 9! and other
quantum spin chains with a spin gap.42,43 Recently
theories44,45 have been proposed to explain it.

The quadrupole contribution (1/T1)Q shows a pronounced
peak near 100 K. Such a peak is explained most naturally
the classical theory of motional effects.46 In analogy to Eq.
~8! for magnetic processes, (1/T1)Q is given by the spectra
density of EFG fluctuations at the NQR frequencyv0. The
width of this spectral density is generally given by 1/tc , the
inverse correlation time of EFG fluctuations. If the instan
neous amplitude of EFG fluctuations, i.e., the integral of
spectral density over frequency, is constant, (1/T1)Q be-
comes largest when 1/tc5v0. Since 1/tc should increase
with temperature, a peak of (1/T1)Q is expected when this
condition is met. To quantify this picture, we assume
exponential correlation function exp(2t/tc). Then

S 1

T1
D

Q

5K
2tc

11~v0tc!
2 . ~14!

The constantK is determined by the maximum value o
(1/T1)Q ~51700 s21) sincev0tc51 at the maximum. Then
1/tc can be calculated as a function of temperature from
data of (1/T1)Q and is plotted against 1/T in Fig. 12. It shows
approximately an activated temperature dependence witD
5230 K. A likely source of the EFG fluctuations is the m
tion of holes in the ladders. However, the value ofD is an
order of magnitude smaller than the activation energy for
electrical conductivity~2200 K!.18 There isa priori no rea-
son to assume that the amplitude of the EFG fluctuationsK)
is independent of temperature. However, since the amplit
most likely increases monotonically with temperature, t
peak in (1/T1)Q must be caused primarily by the temperatu
variation of 1/tc .

o-
-

the
-

FIG. 11. Temperature dependences of the magnetic (1/T1)M and
quadrupole (1/T1)Q contributions to 1/T1,NMR are separately shown
The line represents an activated temperature dependence wiD
5650 K.
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57 1131SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
If this model is correct, (1/T1)Q should show a 1/v0
2 fre-

quency dependence at low temperatures wherev0tc@1.
Since frequency is fixed in NQR experiments, we have to
high field NMR to check this. We note that even though t
functional form of the NMR recovery curve is not known fo
a quadrupolar process, it must be a unique function oft/T1.
Thus two recovery curves with different 1/T1 should coin-
cide by an appropriate change of the time scale. This is d
onstrated in Fig. 13. We measured the recovery curve for
63Cu center line at three frequencies atT550 K, where the
isotopic ratio of 1/T1 becomes largest. The recovery curv
are plotted againstkt, wherek is 1 at 95 MHz and, at othe
frequencies, chosen so that all curves lie on top of e
other. The frequency dependence ofk is plotted in the inset
in a log-log scale, which leads to the relation (1/T1)Q
}v21.14. This frequency dependence is weaker than thev22

dependence predicted by Eq.~14!. It should be noted, how
ever, that the magnetic contribution is not completely ne
gible and distribution oftc can also lead to a weakerv
dependence.

Since the NQR frequency, which is proportional toQ, is
different for two isotopes and (1/T1)Q depends on frequenc

FIG. 12. Temperature dependences of the inverse correla
time of the EFG fluctuations. The line represents an activated t
perature dependence withD5230 K.

FIG. 13. The inversion recovery curves atT550 K for 63Cu
NMR center line taken at three different frequencies are show
coincide by proper rescaling of the time axis. The inset shows
frequency dependence of 1/T1 in a log-log scale.
e
e

-
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at low temperatures, the method of separating magnetic
quadrupolar contribution described below Eq.~6! is strictly
not correct. In fact, the relaxation could be entirely quad
polar below 100 K, in which case (1/T1)Q is simply given by
the measured 1/T1,NQR shown by the triangles in Fig. 11. Th
difference, however, is not significant and should not cha
the qualitative feature of the analysis presented above.

3. Spin-echo decay

The spin-echo decay was measured for the center lin
the ladder63Cu sites in a magnetic field of 8 T along theb
direction. The data can be fit to Eq.~11a! with T2L andT2G
as fitting parameters. The temperature dependence of 1T2G
is shown in Fig. 14. At all temperatures 1/T2L is more than
an order of magnitude smaller than 1/T2G . The exchange
interaction in spin ladders is expected to give rise to sh
range antiferromagnetic correlations and, therefore, a pea
x(q) at q5(p,p). As temperature is decreased, 1/T2G in-
creases gradually and saturates at a finite value below a
100 K. This indicates the growth ofx(p,p) and the antifer-
romgnatic correlation length and subsequent saturation, c
sistent with a spin gap of about 400 K. Similar behav
has been observed in the two-leg spin-ladder compo
SrCu2O3,47 and in qualitative agreement with the Mon
Carlo calculation by Sandviket al.48

B. Chain Cu sites

1. NMR/NQR spectra and magnetic shift

We show in Fig. 15 the63Cu center line spectra at th
chain sites in the magnetic field along theb direction. At low
temperatures below 50 K, the spectra show many sh
peaks, indicating that there are many inequivalent chain
sites with different values of magnetic shift and/or EFG. Th
is again what one would expect, since either the lattice m
match between chains and ladders or distribution of locali
holes can make many inequivalent chain Cu sites. Howe
the spectra can be naturally divided into two groups of lin
A and B as indicated in the figure, each of which mov
rather rigidly as temperature is changed below 50 K. T
indicates that the temperature variation of the shift is sim

on
-

to
e

FIG. 14. Temperature dependence of the Gaussian spin-
decay rate at the ladder63Cu sites measured on the NMR center lin
with the magnetic field of 8 T along theb direction.
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1132 57TAKIGAWA, MOTOYAMA, EISAKI, AND UCHIDA
within each group but quite different between them. T
spectra for the two sites are well separated below 50 K w
the intensity ratioI A /I B50.6560.1. Above 50 K, substantia
changes occur in the line shape. Each peak gets broad
and sharp structure becomes obscure. At the same time
region betweenA and B lines is being gradually filled up
until finally the whole spectrum collapses into a broad sin
line above 250 K.

The magnetic shift at each peak was determined from
center line spectra at 95 and 75 MHz and are shown in
16. The different symbols correspond to those shown in
spectra in Fig. 15 and indicate at which peak the shift w
measured. The two groups show quite contrasting behav
The temperature dependence ofKb at A sites is similar to the
susceptibility data below 200 K. The solid line in Fig. 16
the calculation for a dimer model,xDb5NA(gbmB)2/kBT@3
1exp(J/kBT)# with J5130 K, which explains well the bulk
susceptibility below 200 K~Fig. 2!.49 The shift at theB sites
show a similar temperature dependence at low temperat

FIG. 15. Temperature variation of the center line NMR sp
trum at the chain63Cu sites obtained at 95 MHz forHib.

FIG. 16. Temperature dependence of the shift along theb direc-
tion at the chain63Cu sites obtained from the spectra in Fig. 15 a
similar spectra at 79 MHz. The symbols correspond to those sh
in Fig. 15 and indicate at which peak the shift was measured.
line is the calculated susceptibility for the dimer model~per mole of
dimer Cu sites! with J5130 K. The proportionality constant be
tween the scales forKb and x gives the hyperfine coupling con
stantsAb(0)/(2\gn)521.89 T.
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~below 50 K! but the temperature variationudKb /dTu is
about half as large as that for theA sites. However, instead
of having a peak,Kb at theB sites keeps decreasing abo
50 K, where the drastic change of the line shape occ
Above 250 K, where the entire spectrum collapses into
single symmetric line,Kb decreases slightly in contrast to th
decrease ofx.

Similar features are observed for other field directio
The spectra and the shift forHic are shown in Figs. 17 and
18. Again the spectra consist of two groups of lines at l
temperatures, although the peak structure within each gr
is less clear than that forHib. Below 50 K, theA sites show
twice as large a temperature variation ofKc as theB sites.
However, above 50 K the spectra for both sites get bro
ened and begin to merge together, until the whole line c
lapses into a single peak above 250 K. The shift at theA sites
shows a similar temperature dependence asx but the behav-
ior at theB sites is quite different.

-

n
e

FIG. 17. Temperature variation of the center line NMR spe
trum at the chain63Cu sites obtained at 95 MHz forHic.

FIG. 18. Temperature dependence of the shift along thec direc-
tion at the chain63Cu sites obtained from the spectra in Fig. 17 a
similar spectra at 79 MHz. The symbols correspond to those sh
in Fig. 17. The dots show the data forA sites. The circles and the
crosses show the data forB sites. The line is the calculated susce
tibility for the dimer model~per mole of dimer Cu sites! with J
5130 K. The proportionality constant between the scales forKb

and x gives the hyperfine coupling constantsAc(0)/(2\gn)
521.48 T.
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57 1133SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
The temperature variation of the NQR spectrum at
chain Cu sites shown in Fig. 19 also reveals the tende
that the clear site distinction observed at low temperatu
becomes gradually averaged out with increasing tempera
Comparison of 1/T1 measured by NMR and NQR indicate
that the strong lowest frequency NQR peak~33.0 MHz at 50
K! corresponds to theA sites and the two higher frequenc
NQR peaks~33.2 and 34.1 MHz at 50 K! to theB sites.

Since theA sites show a stronger temperature depende
of shift than theB sites at low temperatures, that is to say t
A sites are more magnetic than theB sites, it is tempting to
assign theA sites to the dimer sites which carry spin-1/2 a
theB sites to the ZR singlet sites bound to oxygen holes
ascribe the averaging behavior betweenA andB sites at high
temperatures to the motion of holes. Such interpretat
however, is incompatible with the anisotropy and the mag
tude of the hyperfine coupling constantA i 2 j as we discuss
below.

If we assume thatA sites were the dimer sites whos
susceptibility is shown by the solid lines in Figs. 16 and 1
the proportionality constant betweenK andx gives the value
of A(q50) as Ab(0)/(2\gn)521.89 andAc(0)/(2\gn)
521.48 T. In general,A(0) includes the anisotropic on-sit
coupling A0 and the isotropic nearest-neighbor coupli
A1.50 If both neighbor sites carry spin-1/2,A(0)5A012A1.
But if one or both of them are the ZR singlet with no acti
spin, A(0)5A01A1 or A0, respectively. The on-site term
A0 is determined by thedx22y2 wave function and common
to all cuprates. The nearest-neighbor couplingA1 is quite
large in high-Tc cuprates with 180° Cu-O-Cu bond ang
(A1/(2\gn)5426 T! but should be much smaller for th
chain Cu sites in Sr14Cu24O41 with 90° bond angle. Note tha
the magnitude ofA1 and superexchange should correlate.

Detailed results of the hyperfine coupling has been
tained in the spin-Peierls compound CuGeO3 by Itoh et al.51

and Fagot-Revurat et al.52 as Ab(0)/(2\gn)5224,
Aa(0)/(2\gn)523.0, and Ac(0)/(2\gn)522.3 T. The
nearest-neighbor couplingA1/(2\gn) in CuGeO3 is esti-
mated to be at most about 1.0 T.52 These results provide
reasonable estimate for the hyperfine coupling constant
the chain Cu sites in Sr14Cu24O41, since both materials hav
similar chain structure. Then, independent of the type
neighboring sites,A(0) at the dimer sites should be strong

FIG. 19. Temperature variation of the NQR spectrum at
chain 63Cu sites.
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anisotropic,uAb(0)u@uAc(0)u,uAa(0)u, with negativeAb(0).
For the ZR singlet sites, for which the on-site coupling
absent,A(0)5nA1, wheren50, 1, or 2 is the number o
nearest neighbors carrying an active spin. ThusuAb(0)udimer
@uAb(0)uZR.

The hyperfine coupling constants atA and B sites are
totally inconsistent with these expectations. The va
uAb(0)u/(2\gn)521.89 T is much too small and the aniso
ropy uAc(0)u/uAb(0)u50.78 is too large if theA sites were
the dimer sites. Moreover, the difference ofuAb(0)u for A
andB sites is only a factor of 2, whereas an order of ma
nitude difference is expected for the dimer and the ZR s
glet sites. Thus we are led to conclude that all the ch
NMR signal shown in Figs. 15 and 17 originate from the Z
singlet sites.

It turned out that the signal from the dimer chain sites c
be observed only at low temperatures~below 30 K! because
T2 becomes too short at higher temperatures. An exam
was shown in Fig. 4 where a new set of lines emerges n
8.33 T. Following the procedure outlined in Sec. II, the ce
tral and the satellite lines corresponding to this group of lin
have been identified. Examples of the satellite spectra
shown in Fig. 20. ForHib a spectrum for65Cu nuclei is
shown since63Cu lines for the dimer sites overlap with othe
lines. The satellite spectra for the dimer sites have sev
distinct peaks, again indicating the existence of microsco
cally inequivalent sites. The quadrupole splitting was o
tained asunbu517.8 anduncu56.4 MHz for 63Cu. From the
satellite spectra forHib, the intensity ratio for the dimer and
the ZR sites is obtained asI dimer/I ZR50.3960.1 after cor-
recting for the spin-echo decay, indicating that there
about three dimer sites per formula unit. The shift was o
tained for the peaks in the satellite spectra and are show
the inset of Fig. 20. Although the measurements are limi
to a narrow temperature range, the shift shows right beha
expected for the dimer sites. First the data is consistent w
the large and negativeAb(0). Thesolid line in the inset is the
fit to the dimer model withAb(0)/(2\gn)5224 T, which
givesJ5126 K, in good agreement with the analysis of t

e FIG. 20. The NMR satellite spectra at the dimer chain sites
T515 K. The upper spectrum is the low-field satellite forHib for
65Cu and the lower spectrum is the high-field satellite forHic for
63Cu. The inset shows the temperature dependence of the sh
peaks shown in the spectra.~The dots are forHib and crosses and
plus marks are forHic.!



d

t
e
t

tte
n
ra

le
o
r

en
u
s

f

ng
m

de
e

n

lo
F
hi

an

the
lite

uc-
ZR

ne
g
n

or
this

of
ual
ag-
ure

he
3.

e

tion

c.

ual
e

cil-
the
To
ve

n by
me

t
r
m

6

n in

1134 57TAKIGAWA, MOTOYAMA, EISAKI, AND UCHIDA
susceptibility data (J5130 K!. Second it shows the expecte
anisotropy. By comparing the temperature variation ofKb
and Kc , we obtainAc(0)/Ab(0)50.12 in good agreemen
with the result in CuGeO3. A more decisive evidence for th
assignment of these lines to the dimer sites comes from
spin-echo decay measurements as we describe later.

2. NMR nuclear spin-lattice relaxation rate

High field NMR was used to measure 1/T1 at both the ZR
singlet and the dimer chain Cu sites. The results are plo
against 1/T in Fig. 21. Unlike the ladder sites, the relaxatio
was confirmed to be entirely magnetic in the whole tempe
ture range and recovery curves were fit well by Eq.~7!. We
first discuss the results for the ZR singlet sites forHic mea-
sured on the center lines, which are shown by dots, circ
and crosses. The different symbols correspond to th
shown in Fig. 17 and indicate at which peak the measu
ments were done. A clear activated temperature depend
with a gap of 125 K is observed below 50 K over nearly fo
decades of 1/T1, which is in fair agreement with the previou
powder NQR results.22,23TheA andB sites show a factor o
about 4 difference in the magnitude of 1/T1. This is consis-
tent with the factor of 2 difference in the hyperfine coupli
constant mentioned in the previous subsection. At low te
peratures,T1 becomes quite long (;10 s! and still keeps
increasing. This is in contrast to the results for the lad
sites, which show fast relaxation at low temperatures du
magnetic impurities. Above 50 K, the difference of 1/T1 be-
tween theA andB sites becomes smaller, which is consiste
with the change in the spectrum~Figs. 15 and 17! showing
the gradual averaging between the two sites. An anoma
behavior is observed at high temperatures as shown in
22. There is a plateau between 100 and 200 K, above w

FIG. 21. Temperature dependence of 1/T1 at the chain sites. The
dots, circles, and crosses show the results for the63Cu ZR singlet
sites measured on the NMR center lines at 95 MHz forHic. The
symbols correspond to those shown in Fig. 17. The dots show
data forA sites. The circles and the crosses show the data foB
sites. The solid and open triangles show the results for the di
sites for Hib ~obtained at the main peak of the65Cu low-field
satellite NMR spectrum at 101 MHz! and forHic ~obtained at the
middle peak of the63Cu high-field satellite NMR spectrum at 88.
MHz!, respectively.
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1/T1 increases steeply again. Note that there is also
anomaly inKb ~Fig. 16! above 200 K.

Let us turn to the results on the dimer sites shown by
solid and open triangles in Fig. 21 obtained for the satel
lines. A nearly identical activation energy~122 K! is ob-
tained for the dimer sites, indicating that the same spin fl
tuations cause the relaxation at both the dimer and the
singlet sites. There is a large anisotropy (1/T1)c /(1/T1)b
.30, which is consistent with the anisotropy in the hyperfi
coupling constantAc(0)/Ab(0)50.12. We observed a stron
frequency dependence of 1/T1 at the dimer sites. The data i
Fig. 21 forHic are obtained at 88.6 MHz. AtT520 K, the
value of 1/T1 measured at 101 MHz is smaller by a fact
1.72. If a power-law frequency dependence is assumed,
means 1/T1}v1.8. We have confirmed that 1/T1 depends on
frequency not on magnetic field by comparing the values
1/T1 measured on the two satellite lines. They are eq
when measured at the same frequency with different m
netic fields. Further detailed study over wider temperat
and frequency ranges is clearly necessary.

3. Spin-echo oscillation

The most striking result on the dimer chain sites is t
giant oscillation of spin-echo intensity as shown in Fig. 2
In the main panel, we plot the spin-echo intensity of the63Cu
center line against 2t, wheret is the separation between th
p/2 andp rf pulses, obtained atH58.9217 T along theb
direction, f 595 MHz andT510 K. Instead of a monotonic
Gaussian or exponential decay, it shows a clear oscilla
with a beat. A third beat was observed near 2t51.2 ms~not
shown in the figure!, indicating that the beat is also periodi
A similar oscillation was also observed for65Cu. The isoto-
pic ratio of the period of the oscillation and the beat is eq
to (65gn /63gn)251.15, indicating that the oscillation is du
to nuclear spin-spin coupling.

There are a few conditions to observe such a clear os
lation. First, the center line spectra of the ladder sites and
dimer sites overlap at this temperature and field direction.
minimize the contribution from the ladder sites and achie
good spectral resolution, the echo-decay data was take
integrating the digitized echo signal over a long enough ti

he

er

FIG. 22. Temperature dependence of 1/T1 at the ZR singlet sites
plotted in a linear scale. The data are the same as those show
Fig. 21.
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57 1135SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
interval on one side of the echo peak~gate 1 in the illustra-
tion of Fig. 23!. It is not possible to integrate the echo sign
on both side of the peak~gate 2! for shortt. We found that
the clear oscillation was observed only at a specific value
the magnetic field. Since the ladder sites show a fast Ga
ian spin-echo decay (T2G530 ms, see Fig. 14!, the signal at
the second beat near 2t;0.6 ms comes entirely from th
dimer sites. Quite remarkably, the shape of the NMR sp
trum depends on the value oft as shown in the inset of Fig
23. The upper two spectra were obtained at the topt
50.6026 ms, point a! and the bottom (2t50.5826 ms, point
b! of the oscillation, respectively, by integrating the sp
echo signal by a boxcar with a wide gate covering both si
of the echo signal~gate 2!. The outer region of the spectra
nearly identical but the inner part is largely suppressed
the spectrum at b. This means that the oscillation occurs o
in the inner part of the spectrum. The lowest spectrum is
difference between these two spectra. The peak of this s
trum then gives the optimum value of the field to observe
oscillation.

Such a long-lived coherent oscillation implies that nucle
spins are strongly coupled in pairs and the coupling betw
pairs is very weak. This can be demonstrated naturally fr
a slightly modified model of Eq.~9!,

Hss5\(
^ i , j &

azz~Ri 2 j !I z
i I z

j , ~15!

where we have dropped thex andy components of the spin
spin coupling. This is indeed appropriate for the dimer si
for Hib, since uAb(q)u!uAa(q)u,uAc(q)u. If T1 is much
longer than the time range of the spin-echo decay meas
ment, I z can be considered to be static. This also applies
our case sinceT1 at T510 K is of the order of 1 s for Hib,

FIG. 23. Main panel: The spin-echo intensity of the63Cu center
line at the dimer chain sites is plotted against 2t. The data were
obtained by integrating one side of the digitized echo signal~gate 1!
at T510 K and f 595 MHz with the magnetic field of 8.2917 T
along theb direction. Inset: The upper two spectra were obtain
by integrating both side of the spin-echo signal by a box-car a
ager~gate 2! at the top~point a, 2t50.6026 msec! and the bottom
~point b, 2t50.5826 mse! of the oscillation. The lowest spectra
the difference between the upper two spectra and is fit to the su
two Gaussians shown by the dotted line. Also illustrated in the in
is the splitting of the NMR center line spectra due to the spin-s
coupling as described in the text.
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while the spin-echo decay was measured over a time rang
about 1 ms. In such a case, the evolution of the spin-e
intensity can be calculated exactly. We show the result
I 51/2 for simplicity,

I ~2t!5I 0K )̂
i j &

cos~azz~Ri j !t!L , ~16!

where the product is taken over the sites occupied by a
spin ~same isotope! and^ & indicates the configurational av
erage over the random distribution of different isotopes.

When a nuclear spin is coupled to a large number of ot
spins, the product of many oscillations with different fr
quencies and averages over random isotopic configura
quickly destroy the coherent precession. Then Eq.~16! is
approximated adequately by a Gaussian in Eq.~11!. How-
ever, if the nuclear spins are coupled only in pairs, there
unique frequency, giving rise to a long-lived oscillation.
fact similar oscillations have been observed in many m
ecules, in which the spin-spin coupling is caused by che
cal bonding.53 Thus the nuclear spin-spin coupling within
dimer is given by the period of the oscillation asua1u/(2p)
545 kHz. The beat shown by the data in Fig. 23 can
explained most naturally by weak coupling betwe
dimers,54 which provides a second oscillation in the produ
in Eq. ~16!. The interdimer coupling is then given by th
period of the beat asua2u/(2p)53.4 kHz, which is an order
of magnitude smaller than the intradimer coupling. Thus
spin-echo oscillation data provides direct evidence for w
isolated dimers.

Furthermore, we can estimate the intradimer excha
from the spin-echo oscillation data using Eq.~10!. SinceA1

is negligibly small at the dimer sites compared withAb
0 ,

Ab(q) can be replaced by Ab
0 . Then \a

5uAb
0u2ux(R12)u/(gmB)2, wherex(R12) is the nonlocal sus-

ceptibility within a dimer describing the response of the s
ond spin when a magnetic field is applied on the first sp
For an isolated dimer,x(R12)/(gmB)2521/(2J), therefore,
\a5uAb

0u2/(2J), whereJ is the intradimer exchange. Usin
the observed value ofua/(2p)u545 kHz and taking
Ab

0/(2gn\)5224 T from the results for CuGeO3, we obtain
J5156 K. The agreement between this value and the act
tion energy of 1/T1 ~120 K!, the gap observed by th
neutron-scattering experiment~11 meV!,24 and the value ofJ
obtained from the analysis ofx ~130 K! is quite satisfactory,
if we consider the uncertainty in value ofAb

0 .
Let us now consider the effect of the dimer spin-spin co

pling Hdim5\aIz
(1)I z

(2) on the NMR spin-echo spectrum i
the static approximation. Suppose we are observing the
ter line resonance (I z51/2↔21/2) of a 63Cu spin I (1).
Since there are four possible values ofI z

(2) of the second spin
(63/2, 61/2), the dimer coupling splits the spectrum in
equally spaced four lines. The second spin can be either63Cu
or 65Cu. For the latter case, the couplinga should be larger
by a factor 65gn /63gn51.071, therefore, the spectrum act
ally consists of eight lines. In spin-echo experiments, o
must treat like spin coupling and unlike spin coupling diffe
ently. In our case, like spin coupling occurs whenI (2) is also
a 63Cu spin andI z

(2)561/2. All other cases lead to unlike
spin coupling. Thus only two resonance lines out of eig
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lines arise from like spin coupling. In the static approxim
tion, unlike spin coupling has no effect on spin-echo dec
therefore, resonance lines associated with unlike spin c
pling show spectra which is independent oft. On the other
hand, like spin coupling causes the oscillation of spin-ec
amplitude as we have shown above. Thus the spin-echo
nal associated with like spin coupling changes sign as a fu
tion of t, i.e. it should be positive when obtained at the t
of the oscillation~point a! and negative at the bottom of th
oscillation ~point b!.

This is exactly what we observed as shown in the inse
Fig. 23. The solid arrows indicate the four split lines due
the coupling to a63Cu spin. Since the outermost two line
are associated with unlike spin coupling (I z

(2)563/2), they
should always give a positive signal. The inner two lin
arise from like spin coupling (I z

(2)561/2), therefore, the
spin-echo amplitude should oscillate, positive at poin
~solid arrows! and negative at point b~dotted arrows!. The
two spectra taken at a and b are consistent with these pre
tions. The spacing between the two peaks in the spectru
b agrees well with the interval between the outermost t
lines indicated by the horizontal arrow.55 The suppression o
the inner region of the spectrum at b can be explained by
sign reversal of the inner two lines. Note that the spectra a
include positive contribution from those63Cu coupled to a
65Cu spin, which should be identical at a and b. The diff
ence between the two spectra shown at the bottom then
resents the contribution only from those63Cu which are
coupled to another63Cu spin inI z561/2 states. Ideally, we
would expect a double peak separated bya/gn , but this
could be smeared out by inhomogeneous broadening of
individual lines. Indeed, the spectrum can be fit with a s
of two Gaussians with identical shape displaced by 4.2
as shown by the dotted line. This value is in very good agr
ment witha/gn54.0 mT determined from the period of th
spin-echo oscillation.

IV. DISCUSSION

Although Sr14Cu24O41 shows an insulating behavio
many of our results cannot be explained by models includ
only spin degrees of freedom and suggest that the role
doped holes and/or lattice dynamics must be considered
plicitly. An obvious example is the clear distinction betwe
the dimer and the ZR singlet sites in the chains. The E
fluctuations at the ladder Cu sites are also likely to be cau
by motion of holes. The variation of the NMR/NQR spect
with temperature, which is particularly remarkable at the
singlet chain sites, is hard to understand in pure spin mod

A. Ground-state properties and static aspects

We first discuss the ground-state properties and static
pects such as the hole concentration in the chains and
ders, possible charge order, and origin of the dimerizatio
the chains. Thex data in Fig. 2 suggests that there are fo
dimer sites per formula unit containing ten chain sites. T
is expected if all six holes in the stoichiometric material
into the chain sites. The NMR intensity ratio for the dim
and the ZR sites mentioned in Sec. III B 1 indicates
60.5 dimer sites per formula unit, although we cannot r
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out the possibility that a part of the dimer sites does
contribute to the NMR signal. For the ladder sites, Osafu
et al. used the optical reflectivity data27 to estimate the den
sity as one hole per formula unit. A small but finite amou
of holes in the ladders is also consistent with the activa
temperature dependence of the EFG fluctuation rate 1tc ,
since this is likely to be associated with motion of holes
the ladders. The total number of holes exceeding 6 per
mula unit suggests that there are slight excess oxygen an
Sr deficiencies. Hiroiet al.56 have examined the dependen
of x on the oxygen content. The low-temperature Curie te
shows a sharp minimum at the stoichiometric compositi
We note, however, that the Curie term of thex data in Fig. 2,
which was obtained for a crystal made in the same con
tions as our samples, is as small as this minimum value
corresponds to 0.2 spin-1/2 impurities per formula unit.

It is likely that the doped holes in the chains are arrang
in a well ordered manner in space, although no direct e
dence of charge order has been reported. This is sugge
by the sharp structure of the center line NMR spectra be
50 K in Figs. 15 and 17. The large number of distinct pea
indicates the long period of the superstructure. The sharp
of each peak, whose full width at half maximum~FWHM! is
typically 2 mT at 95 MHz, indicates a high degree of pe
odicity, since disorder would broaden the peak and m
them unresolvable. In fact, we observed that each peak
ther split when the magnetic field is rotated from the sy
metric direction. Such a large number of inequivalent si
~close to 20 near theb direction! are unlikely to be caused
only by the charge order but are probably associated
with the lattice distortion induced by the charge order or
the misfit potential due to the incommensuratec-axis ratio
between chains and ladders, as discussed by Hiroiet al.56

The lattice distortion will modulate the hyperfine couplin
the orbital shift, and EFG, resulting in many distinct pea
Such lattice distortion still has to be highly periodic to mai
tain the sharpness of the peaks.

The apparent absence of disorder-induced broadening
magnetic impurities that could enhance 1/T1 at low tempera-
tures characterize the chain subunit as a very clean sys
This situation is in sharp contrast to the ladder sites. T
center line NMR spectra at the ladder sites~Fig. 4! show at
most two peaks which are much broader~FWHM is typically
12 mT at 95 MHz! and impurity spins make a significan
contribution to 1/T1 at low temperatures~Fig. 11!.

The charge order in the chains must be closely relate
the dimer formation. Important information has been o
tained from neutron-scattering experiments by Matsu
et al.24 The minimum of the excitation energy for chain C
spins occurs at the wave vectorL/4 and L/8, where L
52p/cchain, and the maximum of the scattering intensity
observed atL/4. They have concluded that the dimers a
formed between Cu sites which are separated by at l
twice the nearest-neighbor distance. The nearest-neig
dimer formation has been ruled out since it would lead to
dispersion minimum and intensity maximum atL/2, where
no scattering was observed.

Matsudaet al.24 considered models of dimerization bo
with and without the ZR singlet sites. In the later case, s
glet formation among a cluster of 4 or 8 Cu spins was c
sidered, within which the sign of the spin-spin correlati
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function changes aŝ 1122& or ^11112222&.
However, the spin-echo oscillation data indicate a pairw
interaction and more than 60% of the chain sites are expe
to be the ZR singlet sites, it is most likely that a dimer u
consists of two Cu spins separated by one ZR singlet site
shown in Fig. 24~a!, which can be represented as^102&.
The intradimer exchange then must be the second nea
neighbor coupling modified by the presence of a ZR sing
in between. It is highly desirable to perform a quantu
chemical calculation to see if the superexchange for suc
unit can be as large as 130 K.

The spin-echo oscillation data also indicate that the in
dimer exchange is more than an order of magnitude sma
than the intradimer exchange. A possible scenario to exp
this is that the dimers are separated by at least two nonm
netic sites. Two such consecutive nonmagnetic sites sh
in Fig. 24~b! by a rectangle may be considered as anex-
tendedZR singlet, where two oxygen holes and the tw
Cu spins are bound into a singlet.57 Thus the charge
order and the dimerization may be represented
^102&00^102&00 . . . . In fact this model is qualitatively
consistent with all above observations. It provides two
equivalent ZR singlet sitesA andB as shown in Fig. 24~b!. It
should be noted thatA sites are coupled to two Cu spin
while B sites are coupled to only one spin, providing a na
ral explanation for the factor 2 difference in the hyperfi
coupling constant atA and B sites as mentioned in Sec
III B 1. Their population ratio in this model isNA /NB50.5,
which is not very far from the observed intensity rat
I A /I B50.6560.1 mentioned in Sec. III B 1. The singlet sp
pairing should be accompanied by the lattice dimerization
indicated in Fig. 24~c!. If the lattice displacement is larg
enough, a simpler model of alternating dimer and ZR sing
sites shown in Fig. 24~d! will be also qualitatively consisten
with the NMR results. Namely, there are two types of the
sites, one within a dimer unit (A) and the other between tw
dimer units (B). Obviously, the hyperfine coupling should b
larger for theA sites. The population ratios in this mod

FIG. 24. Schematic illustration of the charge order and dim
formation in the chains.~a! represents the fundamental dimer un
where two Cu spins separated by a ZR singlet site in the middle
coupled to form a singlet. The solid square shows the four oxy
sites accommodating a hole whose spin is bound to the centra
spin to form the ZR singlet.~b! Suggested pattern for charge ord
and dimer formation. The solid rectangle represents the exten
ZR singlet consisting of two oxygen holes and two Cu spins.~c!
Lattice dimerization that should accompany the spin pairing in~b!.
Only the Cu sites are shown. The dots and circles represen
dimer and the ZR sites, respectively.~d! An alternative model of
spin pairing and lattice dimerization.
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NA /NB5Ndimer/NZR51, however, is in quantitative dis
agreement with the observed intensity ratioI A /I B50.65
60.1 andI dimer/I ZR50.3960.1.

B. High-temperature behavior and dynamic aspects

Let us now turn to the high-temperature behavior and
dynamic aspects. We start with the results in the chain s
in particular, the drastic temperature variation of the NM
spectral shape at the ZR singlet sites shown in Figs. 15
17. The clear distinction of the local magnetic field and t
EFG at low temperatures~we will use the term ‘‘local field’’
to combine both of them! for many inequivalent sites is
gradually being averaged as the temperature increases.
erally, motional effects could be responsible for such a sp
tral change.29,30 The distinction of the local field among dif
ferent sites, whether it is due to charge order or latt
distortion, is static at low temperatures. Thermally induc
motion at high temperatures may cause the local field
fluctuate. If the local field jumps between different peaks,
sharp multipeak structure will collapse into a single bro
line when the jumping rate (1/tc) becomes comparable t
the spacing between the peaks.~We measure the local field
in frequency units by multiplying bygn .) When the fluctua-
tions become much faster, each nucleus sees only the t
averaged local field, resulting in a narrow line~motional nar-
rowing!.

At first sight, this appears to be what is happening at
ZR singlet chain sites. However, unlike the quadrupole
laxation at the ladder sites, the spectral change canno
ascribed to the temperature variation of 1/tc . In order to
cause narrowing of the whole spectrum, the amplitude of
local-field jump (DH) has to be comparable to the spaci
betweenA andB lines (;40 mT!. If the local-field distribu-
tion is quasistatic below 50 K (1/tc!gnDH) and fluctuating
very fast above 250 K (1/tc@gnDH), it must be that 1/tc
.gnDH at some temperature. It is known that the fluctu
tions of the local field also cause the spin-echo decay.
maximum of 1/T2.gnDH;106 s21 occurs when 1/tc
.gnDH. Such a fast echo decay should have made the
nal completely unobservable. This has not been obser
Although we have not performed detailed spin-echo de
measurements for the ZR singlet sites, the spin-echo si
was observed at 2t.20ms without significant loss of inten
sity below 200 K.~A peak in 1/T2 caused by motional effect
has been indeed observed in an organic crystal.58!

Thus the global change of the spectrum, in particular,
filling of the region betweenA andB lines nearT5100 K,
must be caused by quasistatic disorder rather than pu
dynamic motion. Temperature variation of the lattice d
placement with some spatial inhomogeneity may cause s
a spectral change, since the transferred hyperfine coup
A1 is very sensitive to the nearest-neighbor distance. T
averaging behavior betweenA and B sites may be partly
explained by decrease of lattice displacement with increas
temperature. The simple dimerization model of Fig. 24~d! is
particularly appealing in this regard, since theA andB sites
become equivalent when the lattice dimerization disappe
Therefore, the temperature-dependent lattice dimeriza
alone can account for the global change of the NMR sp
trum.
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We also note that hole distribution in the chains must
static at least belowT5200 K. Hopping of holes cause
switching between the dimer and the ZR singlet sites.
though the signal from the dimer sites are not obser
aboveT530 K, the large and negative value ofAb(0) im-
plies that the difference of the resonance frequency at
dimer and the ZR sites would be a few MHz atH58 T along
the b direction aboveT550 K. Again the jumping of the
local field with such a large amplitude should result in e
tremely shortT2 at the ZR sites and a significant shift of th
resonance field of the ZR sites toward that of the dimer si
neither of which was observed. Motion of holes might occ
at higher temperatures. In fact deviation from the proporti
ality betweenKb and x ~Fig. 16! and the rapid increase o
1/T1 ~Fig. 22! aboveT5200 K suggest some fundament
change in the magnetic character of the ZR singlet ch
sites.

The activation energy of 1/T1 at both chain sites~Fig. 21!
below T550 K agrees well with the dimerization gap o
tained from thex data and the neutron experiments. Th
indicates that the spin fluctuations among the excited tri
states cause the nuclear relaxation. The very weak interd
coupling revealed by the spin-echo oscillation data imp
that triplet excitations are nearly localized and the spin fl
tuations have a very slow time scale. We suppose that s
slow dynamics is responsible for the unusually strong f
quency dependence of 1/T1 observed at the dimer sites~Sec.
III B 2 !.

We now proceed to the results at the ladder sites. S
the spin-lattice relaxation is a purely dynamic phenomen
the unusually large quadrupole relaxation rate (1/T1)Q at the
ladder sites~Figs. 11 and 12! provides clear evidence fo
motional effects. Since no quadrupole relaxation was
served in the chain sites, this must be caused by charg
lattice motion in the ladder subunit. The temperature dep
dence of (1/T1)Q is quite different from what is expected fo
ordinary phonons. Usually phonons have temperature in
pendent frequencies but the amplitude of the lattice vib
tions increases with temperature, resulting in a monoto
power-law increase of (1/T1)Q with temperature. The ob
served peak in (1/T1)Q , on the other hand, strongly sugges
that it is the time scale of the motion (tc) which is most
temperature dependent. This is further confirmed by the
quency dependence of 1/T1 at a temperature lower than th
peak ~Fig. 13!. Thermally activated hopping of holes be
tween localized states in the ladders appears to be a na
explanation. However, it was noted that the activation ene
for 1/tc ~230 K, Fig. 12! is an order of magnitude smalle
than the activation energy for the electrical conductiv
~2200 K!. Moreover, if we assume 1/tc to be the rate of
hopping of holes over a distancel , which is of the order of a
few lattice constant (;10 Å!, and use a classical formula t
calculate the resistivity,

r5
kBTtc

l 2ne2 , ~17!

we obtainr;102 V cm at room temperature forn51 holes
per formula unit, which is many orders of magnitude larg
than the measured resistivity (1023V cm! along the most
conductingc axis. The EFG fluctuations are too slow to a
e
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count for the conductivity, therefore, they must be caused
different types of motion. The ladder sites also show so
temperature variation of the spectrum, in particular, the N
line shape~Fig. 8!. This is presumably due to the same m
tion which causes the quadrupolar relaxation.

The magnetic relaxation (1/T1)M at high temperatures
above 200 K shows an activated behavior indicating a s
gap in the ladder subunit. The activation energy~650 K! is
close to the value obtained for the undoped ladder mate
SrCu2O3 ~670 K!. However, since the resistivity an
(1/T1)Q data indicate that holes in the ladders are reasona
well mobile at this temperature range, it is interesting to a
if the spin excitations are still described by the Heisenb
ladder model or substantially modified by the mobile hol
An important point is that in undoped spin ladders, the sp
tral weight of the low-frequency (v!D) spin fluctuations at
low temperatures (T!D) appears only nearq;0, even
though the high-frequency spin fluctuations have domin
weight nearq;(p,p), as pointed out by Troyeret al.38 We
can understand this from the expression for the sp
correlation function,

Sa~q,v!5(
n,m

u^muSa~q!un&u2d~Em2En2v!

3exp~2bEn!/Z. ~18!

For smallv, both um& andun& have to be excited states wit
nearly equal energies (En.Em). SinceSa(q) has a nonzero
matrix element between magnons atk and k1q and mag-
nons are thermally excited only near the bottom of the d
persion at (p,p), both k and k1q have to be close to
(p,p), therefore,q must be small. When holes are dope
they may cause damping of the magnon mode and spin fl
tuations nearq;(p,p) may have low-frequency spectra
weight.

The anisotropy of 1/T1 generally provides useful informa
tion on the wave vector of the spin fluctuations causing
nuclear relaxation. The spin-lattice relaxation is caused
the spin fluctuations perpendicular to the external field@Eq.
~8!#. Since the spin-correlation function should be isotrop
in cuprates, the anisotropy of 1/T1 is determined by the an
isotropy of the hyperfine coupling constantsAa(q) and the
anisotropy ofAa(q) generally depends onq if the transferred
hyperfine couplingA1 is sufficiently large.

We have measured the anisotropy of 1/T1 at the ladder
sites using the center line of high-field NMR with the ma
netic field of 8 T along thea, b, andc directions aboveT
5220 K, where the relaxation is dominantly magnetic a
Eq. ~7a! fits the recovery curves well. We obtain

~1/T1!a :~1/T1!b :~1/T1!c55.160.2:1:4.860.2. ~19!

If the relaxation is caused by theq;0 spin fluctuations, the
anisotropy of 1/T1 can be obtained from the anisotropy
Aa(0) @Eq. ~12!# as

~1/T1!a :~1/T1!b :~1/T1!c54.660.4:1:4.660.4 ~20!

in reasonable agreement with Eq.~19!. Unfortunately, this
result is not very conclusive, since it is possible thatA(Q) at
Q5(p,p) has the same anisotropy asA(0). In theladders,
one Cu nuclear spin is coupled to three neighboring Cu s
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57 1139SPIN AND CHARGE DYNAMICS IN THE HOLE-DOPED . . .
via 180° Cu-O-Cu bond, therefore,A(0)5A013A1 and
A(Q)5A023Z1. Let us takeAb

0/(2\gn)5224 T, the value
obtained for CuGeO3. ThenA(0) andA(Q) show the iden-
tical anisotropy given by Eq.~12! if the following values are
chosen,Aac

0 /(2\gn)522.9 andA1/(2\gn)52.8 T. These
values are quite reasonable and there is no reason to rule
such a coincidence. This situation does not allow us to d
tinguish clearly betweenq;0 andq;(p,p) contributions.
The comparison of 1/T1 at the Cu and the oxygen sites ma
provide a more decisive answer to this question.

V. SUMMARY

We have clearly identified a distinct Cu NMR/NQR sign
from the ladder, the dimer chain, and the ZR singlet ch
sites in Sr14Cu24O41. Our comprehensive NMR/NQR ex
periments revealed the following features.

The NMR spectra at the ZR chain sites show a sh
multipeak structure at low temperatures, suggesting a l
but periodic superstructure. The structure becomes obs
and peaks merge into a broad single line, indicating th
mally induced disorder or motion. A giant oscillation o
spin-echo intensity and thet-dependent NMR spectrum a
the dimer chain sites are consistently explained by a str
intradimer exchange and a much weaker interdimer c
pling. Models of charge order and dimerization patterns h
been proposed, The nuclear spin-lattice relaxation r
(1/T1) at both the dimer and the ZR chain sites show
activated temperature dependence with a gap of 125 K, c
sistent with the singlet-triplet splitting of the dimers. Stron
frequency dependence of 1/T1 at the dimer sites suggest
unusually slow spin fluctuations and the localized nature
the triplet excitations. Anomalous increase of 1/T1 at the ZR
single sites was observed aboveT5200 K.

A clear evidence of motional effects is provided by th
quadrupole contribution to 1/T1,NQR at the ladder sites. A
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pronounced peak in (1/T1)Q near T5100 K and observed
frequency dependence at lower temperatures indicate tha
correlation time (tc) of the EFG fluctuations changes wit
temperature. A simple model of motional effects was appl
to obtain 1/tc , which shows an activated temperature depe
dence with a gap of 230 K. This value, however, is an ord
of magnitude smaller than the activation gap of electric
conductivity. The magnetic contribution to 1/T1 at high tem-
peratures as well as the temperature dependence ofK at the
ladder sites are consistent with a large spin-gap similar
that observed in the undoped spin-ladder SrCu2O3. How-
ever, insufficient knowledge of the hyperfine coupling co
stants does not allow us to distinguish whether the domin
weight of the low-frequency spectral weight is located ne
q50 or q5(p,p).

We conclude the paper by listing questions, which ha
been raised by the present results and should be address
future studies:~1! Microscopic origin of the motion which
causes the quadrupole relaxation at the ladder sites.~2! Mi-
croscopic origin of the temperature variation of the NM
spectrum, in particular, at the ZR singlet chain sites.~3! Dy-
namics of the excited triplets of dimer sites. Is it determin
by weak interdimer exchange or something else, for e
ample, coupling to the lattice ?~4! Is the magnetic relaxation
at the ladder sites described by a Heisenberg ladder mod
do the effects of mobile holes need to be considered?
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