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Spin dynamics in hole dopedS5 1
2 chains and ladders from NMR and susceptibility measurements

in Sr142xNaxCu24O41
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The authors report on NMR-NQR, dc susceptibility and resistivity measurements in Sr142xNaxCu24O41 for
0<x<2. The analysis of the dc susceptibility points out that only a small fraction of Cu21 spins are involved
in the dimerization of Cu(1)O2 chains while the remaining spins possibly form Zhang-Rice singlets with the
localized holes. The role of structural distortions, evidenced either in NQR spectra or by anomalies in the
resistivity measurements, in assisting the dimerization is discussed. The introduction of extra holes by Na1

doping is observed to slightly decrease the Cu(1)21 uniform static susceptibility at low temperatures, to reduce
the amplitude of the gap between singlet and triplet states in the Cu(2)2O3 two-leg-ladders and to increase the
conductivity. The amplitude of the gap in the dimerized chain, derived either from dc susceptibility or
23Na1/T1 was found to be the same, while a discrepancy is found in the estimate of the amplitude of the gap
in the ladders by the same two techniques.@S0163-1829~98!05018-8#
a
na
si

r
tie

k
n
e
ra
d
r,
e
e

d
r,
si
te

s

till
h
b

nc
d

ith
d, a
ved

in
of

an
t na-

the
a
at

ce
-

the

be

on
of
f the
-

ne
and
I. INTRODUCTION

The discovery of high-temperature superconductivity h
brought a renewed interest in the study of low-dimensio
cuprates1 and the search for superconductivity in the qua
one-dimensional~quasi-1D! ones@(Sr,Ca)14Cu24O41# has re-
cently proven to be successful.2 This fact appears of majo
interest and could lead to a reexamination of the proper
of high-Tc superconductors~HTSC’s! in the frame of a
quasi-1D scenario, particularly if a phase separation ta
place.3,4 Namely, HTSC’s could be considered not as ra
domly disordered 2D compounds but as compounds wh
the strong correlation causes the segregation of the itine
holes along stripes or rivers5,6 which separate hole-deplete
antiferromagnetic~AF! spin-ladder structures. In particula
the gap in the spin excitations observed in the normal stat
underdoped HTSC’s should not be associated to the one
pected for randomly frustrated 2D quantum AF~Ref. 7! but
to that existent when an even number of chains are paire
form anS51/2 spin ladder.8 All these conjectures, howeve
are speculative ones at the moment and further exten
investigation of either pure or hole doped quasi-1D cupra
and a comparison with normal state properties of HTSC’
required.

Sr14Cu24O41 is the parent of this new family of quasi-1D
superconductors and its structure comprises Cu(1)O2 chains
and Cu(2)2O3 two-leg ladders.9 Cu(1)21 spins dimerize
around 80–100 K and the origin of this dimerization is s
under debate.10 On the other hand, the comprehension of t
properties of spin excitations in the two-leg ladders could
considered almost complete if it was not for the discrepa
by almost a factor 2 in the value of the gap derived from
570163-1829/98/57~18!/11545~9!/$15.00
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susceptibility and NMR measurements.11 The chains are in-
trinsically doped by six holes due to the three excess O22

ions present in the stoichiometry. By doping this system w
Ca21 an increase in the chemical pressure was obtaine
more efficient transfer of holes to the ladders was obser
and a superconducting state was realized.2

In this paper we report on the modifications of the sp
dynamics in the chains and in the two-leg ladders
Sr14Cu24O41 after the introduction of extra holes by Sr21 for
Na1 susbstitution. By varying the Na1 content we expect to
vary the concentration of holes in the ladders, due both to
increase in the chemical pressure and to the heterovalen
ture of the substitution.23Na nuclei are also excellent NMR
probes and allow one to achieve further information on
Cu(1)O2 chains spin dynamics. In the following, through
quantitative analysis of susceptibility data we will show th
only a small fraction of Cu(1)21 spins dimerize around 80–
100 K, the remaining spins possibly forming Zhang-Ri
singlets12 with the localized extra holes even at room tem
perature.23Na nuclear spin-lattice relaxation rate 1/T1 at low
temperatures is determined by the spin dynamics in
Cu~1!O2 dimerized chains. At temperatures above.100 K
23Na 1/T1 shows an anomalous behavior which cannot
explained in the frame of the simpleS51/2 chain dimeriza-
tion scenario. The possible effects of structural distorsions
23Na relaxation is then discussed, particularly in the light
the anomalies observed in the temperature dependence o
resistivity and of the 63Cu(2) nuclear quadrupolar fre
quency. The high temperature behavior of63Cu(2) NMR
1/T1 is driven by the two-leg ladder spin dynamics and o
observes that the amplitude of the gap between singlet
triplet states decreases with Na1 doping, pointing out that
11 545 © 1998 The American Physical Society



ce
ua
th
d

d

e
ve

d
a
a

te
ic
w

ob
-
he
tio
ve
o

ia
th
in
s
.
-ra
ex
n

m
e

b

o

s
ay
na
d

e

in

z,
-

asis

c-

s
urie-
ed

r

ed

n-

11 546 57P. CARRETTA, P. GHIGNA, AND A. LASCIALFARI
extra holes are introduced in the Cu(2)2O3 ladders. The
same behavior was deduced from the analysis of dc sus
tibility measurements. However, at variance with the sit
tion observed in the dimerized chain, the amplitude of
gap derived from this technique is smaller than the one
rived from 1/T1.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Sr142xNaxCu24O41 (x50,0.7,2) was prepared by soli
state synthesis starting from high purity CuO, Na2C2O4, and
SrCO3. The starting materials were weighted in the requir
stoichiometric ratio, suspended in acetone and mixed o
night. The acetone was evaporated and the resulting pow
was pressed isostatically at 2000 bars to yield a comp
pellet. The pellet was then heated in a platinum crucible
800 °C in a pure oxygen flux for 76 h with two intermedia
grinding and pressing steps. The completion of the chem
reaction and the homogeneity of the as prepared material
checked by x-ray powder diffraction and microscopic@opti-
cal scanning electron microscope and electron micropr
analysis~EMPA!# inspection. According to the EMPA mi
croanalysis, during the synthesis no loss of Na occurs w
the reaction is carried out at 800 °C. A sizeable evapora
of NaO takes place only if the temperature is raised o
850 °C. We point out that using this procedure we did n
succeed in increasing the Na1 content abovex52. The sto-
ichiometry of the oxygen content of the as prepared mater
was measured by following the weight loss occurring in
reaction at 500 °C with a flowing mixture of hydrogen
argon~7% H2) with a TA Thermal Analyst 2000 apparatu
equipped with a thermogravimetric analyzer attachment
platinum pan was employed as a sample holder. The x
diffraction patterns were found in agreement with the ind
ing scheme reported in Ref. 13. Resistivity measureme
were performed by a standard four probes technique.

Standard dc susceptibility measurements were perfor
with a SQUID magnetometer, directly providing the magn
tization M of the sample in an applied fieldH. Hereafter we
will call susceptibility the quantityx5M /H, which does not
necessarily correspond to (dM/dH)H .14 In particular, we
find that on increasing the field intensityM slightly saturates
~see the inset to Fig. 5 later on!.

NMR and NQR measurements have been performed
using standard rf pulse sequences.63Cu(2) NMR-NQR
spectra were obtained by recording the echo intensity
sweeping the irradiation frequency.23Na NMR spectrum of
the central line was derived directly from the Fourier tran
form of half of the echo signal, obtained for a long del
t.100 ms between the pulses in order to avoid contami
tion from 63Cu(1) NMR signal. This procedure was use
also during23Na T1 measurements. The63Cu(2) NQR fre-
quency strongly depends on temperature14 and the corre-
sponding spectrum@see Fig. 1~a!# lightly broadens with in-
creasing Na dopingx. The NMR measurements wer
performed in powders aligned with theb axis parallel to the
magnetic field. For this orientation63Cu(2) NMR spectrum
is characterized by a well defined central line, correspond
to 63Cu(2) nuclei, shifted by.1.3% from a less intense
spectrum corresponding to63Cu(1) NMR line.14 23Na cen-
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tral line is also well defined and its width is around 10 kH
instead of the;40 kHz observed for the unoriented pow
ders. This linewidth is close to the one expected on the b
of an estimate of the quadrupolar coupling frequencynQ
from point charge calculations. In particular, if Na1 replaced
Sr21 ions, one would obtainnQ.2.8 MHz, with an asym-
metry parameterh.0.6, and a corresponding powder spe
trum for the central23Na NMR line with a linewidth around
30 kHz. 23Na NMR linewidth in the oriented powders i
observed to increase on decreasing temperature in a C
like form, evidencing the presence of randomly distribut
unpaired spins@Fig. 1~b!#.

The recovery of 63Cu(2) nuclear magnetization afte
inversion of the population between the61/2 levels obeys
the characteristic double exponential lawy(t)50.1exp
(22Wt)10.9exp(212Wt), with 2W[1/T1 @Fig. 2~a!#. For
23Na a double exponential recovery law is also observ

FIG. 1. ~a! 63,65Cu(2) NQR spectrum for thex52 sample at
T577K. ~b! Temperature dependence of the full width at half i
tensity of the central23Na NMR line for thex52 sample in a field
Ho55.9 T along theb axis.



er
rti
m
f

s
od

en

f

ry

e
a

r-

the
ly
ing

ow

ar-

r-
of

nge

e

is

tion
by

r

e

u-

57 11 547SPIN DYNAMICS IN HOLE-DOPEDS5
1
2 CHAINS . . .
but with the coefficients of the exponentials which diff
from the ones reported above, possibly due to the pa
irradiation of the satellite lines. Then, the long decay co
ponent @exp(22Wt)# allows for an accurate estimate o
1/T1 @see Fig. 2~b!#. The weight of the two exponential
changes as a function of temperature possibly due to m
fications in the electric field gradient at the23Na site, as
observed also for63Cu(2).14 On the other hand, in NQR
63Cu(2) recovery law is characterized by a single expon
tial y(t)5exp@2k(h)Wt#, where k(h) is a factor which
depends on the asymmetry parameterh and in the case o
63Cu(2) one hask(h.0.6).5.6 ~Ref. 14! ~see Fig. 3!. Be-
low .90 K some slight deviation from the above recove
laws can be observed.

The decay of63Cu(2) echo intensity, on increasing th
delayt between the rf pulses, is the one expected in the c

FIG. 2. ~a! Recovery of 63Cu(2) nuclear magnetization afte
inversion of the population between the61/2 levels in NMR.~b!
Recovery of 23Na nuclear magnetization after inversion of th
population between the61/2 levels in NMR.
al
-

i-

-

se

of a relevant contribution from indirect nuclear dipole inte
action and one has that15

E~2t!5E~0!exp@2~2t/2T2G
2 !#exp~22t/T2R!, ~1!

where 1/T2R5(1/T1)'1(a/T1) i , with a53 for NMR when
the central line is irradiated anda52 in NQR. ' and i
indicate the direction of the magnetic field with respect to
b axis. Since for63Cu(2) the decay of the echo is strong
dominated by the Gaussian term the uncertainty in deriv
1/T1 anisotropy@(T1) i /(T1)'.3.9#,14 influenced by small
misalignments, is not relevant for the estimate ofT2G .

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Resistivity and dc susceptibility

The temperature dependence of the resistivity (r) is re-
ported in Fig. 4. For all samples the trend ofr vs tempera-
ture is similar and evidences two different regimes, bel
and above a crossover temperatureTr.130 K. At this
temperature one observes a characteristic kink~see the inset
to Fig. 4! which is peculiar of structural distortions.16 Above
Tr an activated behavior is observed with an energy b
rier Ea

h decreasing with increasingx ~see Sec. IV!. At Tr a
sharp increase of the energy barrier to a valueEa

l is ob-
served, as shown by the plot of the derivative of the ln(r)
~see the inset to Fig. 4!. The occurrence of structural disto
tions could play an important role in the dimerization
Cu(1)O2 chains since it can modify the Cu~1!-O-Cu~1!
bonding angle and the corresponding superexcha
coupling.14 In fact, if the Cu~1!-O-Cu~1! bonding angle re-
mained around 90°, as at room temperature,9 it would be
difficult to justify a superexchange coupling along th
Cu(1)O2 chains giving rise to a dimerization gapDD.140 K
~see in the next paragraph!.

The temperature dependence of the dc susceptibility
due to a dominant contribution from Cu(1)21 spins and its
trend is the one expected in the case of spin dimeriza
with a broad maximum around 100 K, as first pointed out
Matsuda and Katsumata.10 Cu(2)21 spins in the ladder are

FIG. 3. Recovery of63Cu(2) nuclear magnetization after sat
ration of the population on the61/2 and63/2 levels in NQR. In the
inset the dependence of the coefficientk(h) in the exponential re-
covery is reported as a function of the asymmetry parameterh.
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strongly coupled forming singlets and their contribution
rather small, however, not negligible forT*200 K. There-
fore, one can write the total spin susceptibility as

x5~10/24!xD1~14/24!xL , ~2!

where xD is the susceptibility of the dimerized Cu(1)O2
chains andxL that of the ladder. The coefficient in front o
each term gives the percentage of Cu(1)21 and Cu(2)21

spins per formula unit. Both terms can be written in the fo

xD,L5
NAg2mB

2

kBT

zD,L~T,DD,L!

113zD,L~T,DD,L!
. ~3!

For a chain of noninteracting dimers17 one has zD
5exp(2DD /T), while for a two-leg ladder in the isotropi
limit ( Ji5J'5J52DL , Ji being the superexchang
coupling along the chains andJ' in the rungs! and for J
@T, one haszL.0.4AT/2DLexp(2DL /T).18

From a quantitative analysis of the susceptibility data
low temperatures~T<200 K!, one immediately realizes tha
only around 35% of the spins in the Cu(1)O2 chain contrib-
utes to the susceptibility. This fact indicates that in t
chains, at relatively high temperatures, there are Cu(121

spins forming singlets. As first suggested by Carteret al.,19

on the basis of analogous measurements, this could
related to the formation of strongly bound Zhang-Ri
singlets,12 formed by the Cu(1)21 spins and the extra hole
intrinsically present in this compound. If one supposes t
there arenh of these localized holes in the chain, per formu
unit, the dc susceptibility should be reduced by a fac
(102nh)/10. Then one has

x5
102nh

24
xD1

14

24
xL . ~4!

By fitting the low temperature~for T,130 K xL is negli-
gible! experimental data for thex50 andx52 compounds
with just the first term of the above equation one can der
nh andDD . One finds thatDD.140 K, weakly sample de
pendent, while the number of localized holes in the ch

FIG. 4. Temperature dependence of the resistivity for thex50
~solid line! and x52 ~dotted line! samples. In the inset we repo
the derivative of ln(r) with respect to 1/T for the x52 sample
where a clear peak around a temperatureTr is observed.
t

be

t

r

e

n

increases fromnh56.4 to nh57 on increasingx. Keeping
these two parameters fixed one can estimateDL from the fit
of the data over all the temperature range with Eqs.~3!
and ~4! ~see Fig. 5!. One hasDL.500 K for x50, while
DL.420 K for x52. It should be mentioned that a simila
value for the gap of thex50 sample can be determine
directly from 63Cu(2) NMR shift data.

The value fornh derived for the pure compound is i
good agreement with the valuenh56 that one would expec
on the basis of previous considerations on the oxygen
ichiometry. From the same considerations, forx52 one
would expect a stronger increase ofnh . The fact that only a
slight increase is observed suggests that part of the holes
to dope the Cu(2)2O3 ladders, causing the observed decrea
in DL . The observations in the previous paragraph sugg
that the dimerization occuring at low temperatures involve
relatively small number of Cu(1)21 spins. The fact thatDD
is independent on doping suggests that the dimers are we
interacting and supports the use of the expression forzD used
in the analysis of the low-temperature dc susceptibility da

B. 23Na nuclear spin-lattice relaxation rate

Now we turn to the discussion of the spin dynamics
the chain probed by23Na NMR 1/T1. The temperature de
pendence of23Na 1/T1 for Hib is shown in Fig. 6. One
observes an increase on decreasing temperature and th
sharp activated decrease at low temperatures. This temp

FIG. 5. Temperature dependence of the dc susceptibility for
x50 ~squares! and x52 ~triangles! samples. A low-temperature
Curie-Weiss contributionxCW5C/(T2Q) has been subtracte
from the raw data, withC(x50)50.015 emu K/mole Cu21,
C(x50.02!50.0167 emu K/mole Cu21, Q(x50)521.23 K, and
Q(x50.02!521.14 K. The solid lines give the best fit according
Eqs.~3! and~4! over all the temperature range. In the inset we sh
the field dependence of the magnetization at two different temp
tures for thex50 sample. The line is a guide to the eye.
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ture dependence is very similar to the one of the spin s
ceptibility and the activation energy estimated from t
low-temperature trend isDD.130 K. This value is very
close to the one derived from susceptibility measureme
and points out that23Na nuclei below;130 K probe essen
tially Cu(1)21 spin dynamics. Only at high temperatur
the contribution from Cu(2)21 spin fluctuations to the relax
ation start to be observed, giving rise to a smooth increas
23Na 1/T1. Nuclear spin-lattice relaxation rate can be e
pressed in terms of the components of the dynamical st
ture factorSi 5x,y,z(qW ,v)5*2`

` ^SqW
i (t)SqW

i (0)&eivtdt(ziH0ib),
in the form

1/T15
g2

2N(
qW

@Az~qW !2Sz~qW ,vN!1A'~qW !2S'~qW ,ve6vN!#

~5!

with ve andvN the electron and nuclear Larmor frequencie
respectively.A',z(qW ) are form factors describing the hype
fine coupling of the spin excitations at wave vectorqW with
the nuclei. The coupling of23Na to Cu(1)21 spins will
be assumed to be essentially of dipolar origin, conside
the order of magnitude of 1/T1. Then, both terms of the
above equations are present. In dimerized chains, t
leg ladders or Haldane gap systems, for low temperatu
and low magnetic fields (gmBH/kB!T!DD,L), only the
low part of the triplet magnon branch is populated. In th
case, following Sagi and Affleck,20 the nuclear relaxation
is dominated by indirectq.0 processes which can be eith
intrabranch~Dmz50! ones, described by the first term o
Eq. ~5!, or interbranch~Dmz561! ones where a simul
taneous flip of the electron and nuclear spins occur@second

FIG. 6. Temperature dependence of23Na 1/T1 for the x50.7
~circles! andx52 samples~squares! in a magnetic fieldH55.9 T
along theb axis. In the inset the corresponding Arrhenius plot
shown forT&100 K. The solid lines shows the activated trend f
DD5130 K.
s-

ts

in
-
c-

,

d
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term of Eq. ~5!#. Then the temperature dependence
1/T1 for T!DD,L is an activated one, the value of 1/T1 in-
creasing with the increasing population of triplet states.18,20

One has

1/T1}
g2

2NJ
expS 2

D

kBTD $~Az
2!q50@0.89092 ln~\vN /kBT!#

1~A'
2 !q50@0.89092 ln~\ve /kBT!#%. ~6!

At temperaturesT@D, 1/T1 reaches asymptotically th
value

1/T15
g2

2

S~S11!

3
~Az

21A'
2 !

A2p

vE
~7!

with vE the Heisenberg exchange frequency which for
S51/2 chain corresponds toJkB /\. This is indeed the be-
havior observed for63Cu(2) in the S51/2 AF two-leg
ladder14 and inS51/2 dimerized chains,21 however, it is not
the one observed for23Na 1/T1 in Sr142xNaxCu24O41 which
between these two regimes shows a broad maximum.

The broad peak in23Na 1/T1 should not be associate
to the slowing down of the spin fluctuations induced
hole diffusion since in that case a peak with higher intens
should be observed, even if one considers just a dip
coupling of 23Na nuclei to Cu(1)21 spins.22,14 Further-
more, it would imply that the hopping rate of the holes in t
chain is around nuclear Larmor frequencyvN.43108 rad/s
around 130 K, which is not compatible to the high activati
energy (Ea*0.2 eV! derived from transport measuremen
~see Fig. 3!.22 Moreover the activated temperature behav
below 100 K should be characterized by a gap related to
hole itineracy@1/T1}exp(2Ea /kBT)# and not toDD , as it
is found.

On the other hand, one could suspect that the maximum
due to structural distortions, which either progressive
modify the hyperfine coupling or cause the slowing down
field fluctuations around a critical region.23 The fact that the
structure of this compound is rather soft has been alre
evidenced by the strong temperature dependence of
63Cu(2) nuclear quadrupole frequency, which changes
more than 20% over 500 K,14 and by the anomalies in th
resistivity aroundTr . Remarkably, the broad maximum i
23Na 1/T1 occurs aroundTr . However, a structural transi
tion usually gives rise to sharp singularities23 and not to a
broad maximum as the one observed. Therefore, we bel
that the effect of the structural distortions on23Na 1/T1, if
any, could be the one of progressively modifying the hyp
fine coupling to Cu(1)21 spins. Nevertheless, to definitel
exclude a dynamical origin of the maximum, a careful stu
of the field dependence of23Na relaxation rate is required.

C. 63Cu„2… NMR-NQR relaxation rates 1/T1 and 1/T2G

Now we turn to the discussion of the temperature dep
dence of63Cu(2) 1/T1 ~see Fig. 7!. The hyperfine coupling
tensor for63Cu(2) is essentially on site14,24and it is diagonal
in the frame of reference of the crystallographic axes; the
fore the first term in Eq.~5! is absent forHib. Around room
temperature63Cu(2) 1/T1 probes the spin dynamics in th
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ladders and, since the energy gapDL is around 500–700 K,
its temperature dependence is activated@see the second term
in Eq. ~6!#. It is interesting to notice that 1/T1 in NMR is
reduced to nearly half of the value measured in NQR. T
fact could be considered as an indication of the logarithm
divergence of 1/T1 on decreasingve6vN @see Eq.~6!#. Re-
cently, by means of a careful Zeeman perturbed NQR st
the divergence of 63Cu~2! 1/T1 was confirmed to be
logarithmic.25 At low temperatures~T&150 K! a broad peak
superimposed to the activated trend is observed. This p
occurs at temperatures lower than the one observed in23Na
1/T1 and, therefore, should not be related to relaxation p
cesses involving Cu(1)21 spin fluctuations, but rather to th
slowing down of the spin fluctuations induced by holes.26

The high-temperature behavior allows us to estimate
amplitude of the gapDL between singlet and triplet excita

FIG. 7. ~a! Temperature dependence of63Cu(2) 1/T1 for the
x52 sample in a magnetic fieldH55.9 T along theb axis. The
solid line describes the high-temperature activated trend.~b! Tem-
perature dependence of63Cu(2) 1/T1 for the x50.7 sample in
NQR. The solid line describes the high-temperature activated tr
is
c

y

ak

-

e

tions in the ladders. One observes that the gap amplit
decreases on increasingx, implying that holes are being in
troduced in the ladders with Na1 doping and perturbing the
S50 ground state. Accordingly one observes a decreas
the dc resistivity gap. This dependence on doping is an
gous to the one observed by Kumagaiet al.27 and Magishi
et al.28 in Ca doped compounds, where the change in
chemical pressure promotes holes from the chains to the
der. The amplitude of the gapDL estimated from 1/T1 mea-
surements, however, differs by a factor;1.4 from the one
estimated from dc susceptibility data. This difference w
also observed in other two-leg ladder cuprates, as SrCu2O3,11

however, it is not always present and there areS51/2 two-
leg ladders where it is not observed.29 The origin of this
discrepancy is still under debate and it will be briefly d
cussed in the last section.

63Cu(2) transverse relaxation rate 1/T2G , derived from
the decay of the echo amplitude@see Eq.~1!#, is much higher
than the one associated to the direct nuclear dipole inte
tion and is related to the indirect nuclear dipole coupling
the localized Cu21 magnetic moments. In this case one c
express the transverse relaxation rate in terms of the real
of the static spin susceptibilityxzz8 (q,0) along the quantiza-
tion axis (z[b)15

S 1

T2G
D 2

5
0.69

d
\2g4H 1

N(
qW

~Az!qW
4
@xzz8 ~qW ,0!#2

2F 1

N(
qW

~Az!qW
2
xzz8 ~qW ,0!G2J , ~8!

with d54 for NQR andd58 for NMR when irradiating the
central line. In Fig. 8 one observes that on decreasing t
perature 1/T2G progressively increases. By comparing t
temperature depndence of63Cu(2) NMR 1/T2G with the

d.

FIG. 8. Temperature dependence of63Cu(2) 1/T2G for thex52
sample in a magnetic fieldH55.9 T along theb axis. The solid
line shows the results from QMC calculations by Sandviket al.
~Ref. 31! for J5850 K and a transferred hyperfine couplin
B520.1Az .
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quantum Monte Carlo~QMC! calculations by Sandvik
et al.30 we observe a reasonable agreement, provided
considers an isotropic superexchange coupling in the lad
J.850 K, i.e., a gapDL.425 K, and a small transferre
hyperfine coupling. Therefore, from the measurement ei
of the q-integrated or uniform static susceptibility one d
rives a gap much smaller than the one estimated fromT1
data. It is interesting to mention that the ratio between 1/T2G

in NQR and in NMR is higher than the factorA2 expected
from the difference in the constantd @see Eq.~8!# for the two
cases and keeps increasing on decreasing temperature.14

IV. SUMMARIZING REMARKS AND CONCLUSIONS

We have presented a series of NMR, dc susceptibility
resistivity measurements aiming at clarifying the modific
tions of the spin dynamics in Cu(1)O2 chains and in
Cu(2)2O3 ladders as a function of temperature and doping
Sr142xNaxCu24O41. The transport and magnetic properties
the chains appear to be essentially the ones expected
weakly interacting dimers. In fact, the analysis of the susc
tibilty evidences the presence of a rather small numbe
spins which dimerize while the other Cu(1)21 spins possibly
form Zhang-Rice singlets with the localized holes. The
fore, Cu~1!O2 chains should be rather considered as form
by dimers separated by an average distance around 4–5
tice steps. This could also explain why the intensity of ne
tron scattering spectra shows a peak for wave vectors aro
1/421/6 reciprocal lattice units.31 The amplitude of the gap
DD between theS50 andS51 states was estimated eith
from the dc susceptibility or23Na 1/T1 data and a good
agreement is observed. The amplitudeDD.140 K does not
vary with increasing doping~see Fig. 9!, suggesting that the
dimers are weakly interacting, thus supporting our analy
of the dc susceptibility. For a simple dimer, the spin cor
lation function and the charge transfer show singular beh
iors as a function of the distancea between the spins.32 In
particular, on decreasinga one can show theoretically th
existence of a sharp crossover from either anS51 or a
charge transfer state to anS50 state. This could lead one t
assert that for a system with a soft structure such
Sr142xNaxCu24O41, the anomalies in the resistivity, followe
at low temperatures by dimerization, can be explained
terms of these arguments.

Concerning the Cu(2)2O3 two-leg ladders we observ
that the amplitude of the gapDL , derived both from dc sus
ceptibility and 1/T1 measurements decreases with increas
doping ~Fig. 9!. This trend is analogous to the one of th
activation barrierEa

h measured through dc resistivity~Fig. 9!
and evidences a frustration of the AF correlations on incre
ing the hole itineracy. It is interesting to observe that t
initial suppression rate for the gaps52dDL /dx is higher
for Na-doped (s.70 K/Na1 ion! than for Ca-doped sample
(s.45 K/Ca21 ion!,27,28as expected for the heterovalent n
ture of the Sr21 for Na1 substitution.

Despite of the agreement in the trend vsx, the amplitude
of the gap derived from 1/T1 and dc susceptibility differ
by a factor;1.4. This situation is similar to the one observ
in other two-leg ladder cuprates but is at variance w
the one observed in ladders whereJ'.Ji ~Ref. 29! or
in dimers, as the ones formed by Cu(1)21 spins. Hereafter
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we will mention some of the possible origins for this di
crepancy.

DL was estimated from the dc susceptibility data by us
an expression based on a low-temperature expansion o
partition function. This approximation should be valid fo
T&J/4, i.e., in the isotropic limitT&DL/2.18 Taking for DL
the values previously estimated, the above inequality imp
that one can use this approximation as far asT&250 K, well
corresponding to the range where we carried out the analy
According to Johnston33 the small value of the gap measure
by dc susceptibility is possibly due to a couplingJ',Ji and
the trend ofx vs T is also affected by the non-negligibl
coupling between adjacent ladders.25 In further support for
the existence of a small gapDL we remark that63Cu(2)
1/T2G data could be satisfactorily reproduced on the basis
QMC simulations30 for a gap DL around 450 K. Finally,
recently, by means of neutron scattering measuremen
value for the gap close to the one derived from static susc
tibility measurements was found.34

Keeping this in mind one has to understand why 1/T1
measures a different gap or, in other terms, why Eq.~6! is
not adequate to derive it. Recently Sachdev and Daml35

on the basis of a semiclassical approach to describe the
excitations in quasi-1D gapped quantum AF, valid f
T!D, found that

1/T1}exp~23D/2T!AT

H
~9!

while

FIG. 9. Doping dependence of the high-temperature trans
activation energyEa

h ~solid squares!, DL derived from63Cu(2) 1/T1

~solid circles!, DL derived from dc susceptibility measuremen
~solid triangles!, DD estimated from23Na 1/T1 ~open circles!, and
DD from dc susceptibility measurements~open triangles!. The lines
are guide to the eye.
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x}exp~2D/T!A1

T
. ~10!

One notices that in this case the gap probed by 1/T1 andx
differs by a factor 1.5, very close to what is experimenta
measured. However, it is not clear why this model should
apply to dimerized chains or to other ladder compound29

where the gap derived from susceptibility and 1/T1 is the
same. It is interesting to notice that according to this mo
the low frequency spectral density should diverge asA1/H as
the field intensityH is decreased.

Another possibility is that one cannot neglect the damp
of the triplet excitations on increasing temperature. In t
case 1/T1}(1/tT)exp(2DL /T), with tT the temperature-
dependent lifetime of the triplet excitations.36 It is interesting
to observe that if one considers a lifetime inversely prop
tional to the temperaturetT}1/T one finds a rather good
agreement between the gap estimated from 1/T1 and the one
derived from dc susceptibility, both forx50 andx52. The
damping of the spin excitations in the temperature range
interest could be due to the lattice vibrations which are
glected in the derivation of Eq.~6!. On the other hand, it is
certainly negligible when considering the temperature dep
dence of the relaxation for two-leg ladders with small valu
for the gap.29 Another possibility is that excitations aroun
q.p, involving three magnons,20 can become more an
more important as the gap decreases due to a reduction oJ'

with respect toJi . In that case the continuum of spin exc
tations moves to low energies and there is a higher densit
states with energies 2DL which are involved in the 3-magno
processes. Then one should have an extra contribution o
form (1/T1)(3)}exp(22DL /T). An agreement with the dc
susceptibility measurements can still be found also in
case provided the amplitude of 3-magnon terms is 6 tim
larger than that of two-magnon processes. Finally we rem
that Eq. ~6! was derived on the assumption of a quadra
dispersion curve forkx→p/2.18 While this turns out to be a
. B
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s

of
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s

rk
c

good approximation forJ'@Ji, in the caseJi@J' the dis-
persion curve becomes more and more linear aroundkx
→p/2 and deviations with respect to the 1/T}exp(2D/T)
behaviors are found.14

In conclusion, we have evidenced through dc suscepti
ity and NMR 1/T1 measurements a dimerization of Cu(1)O2
chains, involving only a few Cu21 spins in the chain. The
remaining Cu(1)21 spins possibly form Zhang-Rice single
with the holes intrinsically present. The structural distortio
evidenced in NQR spectra and resistivity measurements
believed to cause an increase in the superexchange cou
along the chain to values aroundDD.140 K. The introduc-
tion of extra holes by doping with Na1 causes a reduction o
the susceptibility at low temperatures which is tentative
associated to the formation of other Zhang-Rice singlets
the chain. Some extra holes are observed to dope the
leg ladders and to cause a decrease in the spin gap an
increase in the conductivity. An anomalous behavior
23Na 1/T1, associated either to structural distortions or
dynamical effects, is evidenced. The difference in the g
estimated from 1/T1 and from measurements of the sta
susceptibility (x or 1/T2G) in the ladders is related to th
dynamics probed by 1/T1. The relationship between 1/T1
and D can differ from the one in Eq.~6! due to damping
effects, to a non-negligible contribution from 3-magnon pr
cesses and, more in general, because of the form of the
persion curve forJi.J'.
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