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Spin dynamics in Sr14Cu24O41 from 63Cu NQR-NMR and susceptibility measurements
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63Cu NMR-NQR relaxation measurements in oriented powders of Sr14Cu24O41, in the temperature range 4.2
K<T<600 K and for magnetic-field intensities up to 9.4 T, are presented. This compound has a complex
structure comprising alternating layers containing Cu~1!O2 chains and Cu~2!2O3 two-leg ladders. At high
temperatures63Cu~2! nuclear relaxation rates probe the Cu~2!21 spin dynamics in the two-leg ladders and an
overall agreement with the theoretical predictions for the temperature and field dependence ofT1 andT2G is
observed. In particular, 1/T1} ln(1/ve6vR), with ve the electron Larmor frequency andvR the nuclear
resonance frequency. At low temperatures (T<150 K!, an extra contribution to63Cu~2! NMR-NQR relaxation
rates is observed and tentatively related to the Cu~1!21 correlated spin dynamics. In this temperature range the
magnetic field is observed to cause an anomalous reduction of 1/T1, 1/T2G , and of the dc susceptibility. The
analysis of the temperature dependence of the63Cu~2! NQR frequency evidences a stabilization in the local
lattice distortions below.85 K, where also Cu~1!21 spin dimerization is observed. The relevance of these
distortions in driving the Cu~1!21 spin dimerization is thus discussed.@S0163-1829~97!06646-0#
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I. INTRODUCTION

After the discovery of high-Tc superconductivity a re-
newed interest in low-dimensional quantum magnetism1 has
emerged also in view of a possible role of the spin exc
tions in the pairing mechanism. Furthermore, due to rec
progress in the chemical synthesis of the cuprates it is n
possible to obtain the best model HeisenbergS51/2 chain
~Sr2CuO3!,

2,3 two-~SrCu2O3! and three-leg-ladder~Sr2Cu3O5!
~Ref. 4! systems and one can now study the changeove
the spin dynamics in quantum Heisenberg magnets on p
ing almost continuously from one to two dimensions. Al
the recent discovery of a spin-Peierls~SP! state in CuGeO3,5

and its complex magnetic-field-temperature phase diag
has stimulated the study of one-dimensional antifer
magnetism and has also sparked interest in the problem
related to lattice assisted spin dimerization and dimeriza
processes associated with competing nearest-neighbor~NN!
and next-nearest-neighbor~NNN! superexchange inter
actions.6

Sr14Cu24O41 is an insulator having an incommensura
structure formed by alternating layers with Cu~1!O2 chains,
Sr ions and Cu~2!2O3 two-leg ladders7 ~see Fig. 1!. There-
fore it appears as an interesting system where one can in
tigate at the same time the spin dynamics in the cha
where Cu~1!21 spins are weakly coupled via.94° superex-
change bondings (J8), and in the two-leg ladders where th
strong superexchange coupling (J) causes the opening of
gap of hundreds of degrees Kelvin between singlet and t
let states. As regards the spin excitations in the ladders s
controversy is present due to unexpected differences in
values of the gap estimated from dc susceptibility and NM
T1 measurements.4 However, these estimates are based
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analytical approximations which should be valid only f
temperaturesT!D,8 D being the amplitude of the gap be
tween singlet and triplet excitations. In order to clarify th
point a comparison between quantum Monte Carlo9 calcula-
tions, which should correctly estimate also the hig
temperature behavior of NMR-NQRT1 and T2G , and the
experimental data over a wide temperature range app
more appropriate. Furthermore, due to the peculiar featu
in the density of states of the low-energy excitations, a lo
rithmic divergence of 1/T1 should be observed on decreasi
the field intensity. For these reasons we have perform
63Cu~2! NMR-NQR T1 andT2G measurements over a wid

FIG. 1. The two layers of the Sr14Cu24O41 structure, comprising
Cu~1!O2 chains ~a! and Cu~2!2O3 two-leg ladders~b!. J8 is the
superexchange coupling along the chains, whileJ is the one in the
two-leg ladders. Open circles represent oxygen ions, while
black circles represent copper ions. Theb axis is perpendicular to
the plane of the page.
14 587 © 1997 The American Physical Society
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14 588 56P. CARRETTAet al.
temperature range (4.2<T<600 K! and for different
magnetic-field intensities. We observed an overall agreem
with the theoretical numerical predictions for the temperat
dependence of nuclear spin-lattice relaxation rate~NSLRR!
and nuclear spin-spin relaxation rate of63Cu~2! for 150<T
<600 K @at lower temperatures63Cu~2! T1 andT2G are re-
lated to Cu~1! 21 spin dynamics#. We have also observed th
expected logarithmic divergence of 1/T1 on decreasing the
field intensity, 1/T1} ln(1/ve6vR) with ve the electron Lar-
mor frequency andvR the nuclear resonance frequency.

Also the spin excitations in the Cu~1!O2 chains are char-
acterized by the opening of a gap around 85 K originat
from Cu~1! 21 spin dimerization, as pointed out recently b
Matsuda and Katsumata.10 According to these authors th
dimerization is not assisted by lattice distortions, as
CuGeO3, but is due to competing NN and NNN supere
change interactions. However, the peculiar temperature
pendence of 63Cu~2! nuclear quadrupole resonance fr
quency and the peak in 1/T1 observed atT.85 K could
suggest that lattice distortions could be relevant for
dimerization mechanism. Finally, we observed an anoma
reduction of the dc susceptibility and of the NMR-NQR r
laxation rates at low temperatures.

The manuscript is divided as follows: in Sec. II w
describe the sample preparation, characterization, and
experimental details of dc susceptibility and NQR-NM
measurements. In Sec. III we present and discuss the ex
mental results. In Sec. IV the summarizing remarks a
conclusions are given.

II. EXPERIMENTAL

A. Sample preparation and characterization

Sr14Cu24O41 was prepared by solid-state synthesis start
from CuO~Fluka puriss. p. a.! and SrCO3 ~Aldrich .98%!.
The starting materials were weighted in the required s
ichiometric ratio, suspended in acetone and mixed overni
The acetone was evaporated and the resulting powder
pressed isostatically at 2000 bars to yield a compact pe
The pellet was then heated in a platinum crucible at 800
in a pure oxygen flux for 76 h with two intermediate grindin
and pressing steps. The completion of the chemical reac
and the homogeneity of the as prepared material
checked by XRPD and microscopic~optical scanning elec
tron microscopy and electron microprobe analysis! inspec-
tion. The oxygen content of the as prepared materials
measured to be 41.0 by following the weight loss occurr
in the reaction at 500 °C with a flowing mixture of hydroge
in argon (7% H2) with a TA Thermal Analyst 2000 appara
tus equipped with a thermogravimetric analyzer attachm
A platinum pan was employed as a sample holder.

X-ray diffraction patterns~XRPD! were taken on a Philips
1710 diffractometer, operating at 40 KV and 35 m
equipped with a Cu radiation tube, adjustable divergence
graphite monocromator on the diffracted beam and prop
tional detector. A homemade environmental chamber11 was
employed in the high-temperature experiments. The lat
constants were determined by minimizing the weighted
ferences between calculated and experimentalQi , with Qi

5(2 sinui /li
2)2, and weight sin22(2ui).

12 Instrumental aberra
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tions were considered by inserting additional terms in t
linear least-squares model. The indexing scheme was ta
from Ref. 13.

dc susceptibility measurements were performed by us
a Metronique Ingegnerie superconducting quantum inter
ence device M03 magnetometer, equipped with an 8 T
perconducting magnet and operating in the range 22300 K.
The technique of measurement is based on the displacem
of a sample inside a second-order gradient meter, wh
gives a signal with a peak-to-peak amplitude proportional
the sample magnetization. Hereafter we will call susceptib
ity the quantityx5M /H which, in principle , can differ from
(dM/dH)H . In fact, M is observed to slightly saturate o
increasing the field intensity~see Fig. 2!. The total spin sus-
ceptibility is the sum of a CurieC/T term associated with
defects and of the susceptibility due to Cu~1!O2 chains and
Cu~2! 2O3 ladders. Since the gap for the spin excitations
the two-leg ladders is rather high (D.600 K, see later on!,
for T<300 K only Cu~1! 21 spins contribute significantly to
the spin susceptibility. From the low-temperature fit of th
total susceptibility we estimateC50.0127 K emu/mole Cu,
corresponding to.3% of Cu21 impurity spins, presumably
originating from the chain open ends. The Van Vleck a
diamagnetic contributions to the total susceptibility were e
timated to be negligible.14,10

B. NMR and NQR experimental aspects
63Cu NMR and NQR measurements have been carr

out either with Bruker MSL 200, Bruker AMX400 or with
homemade pulse spectrometers. NMR measurem
have been performed in oriented powders with grains align
with the b axis parallel to the external magnetic field, whi
NQR measurements have been performed in unorien
powder samples sealed in pyrex ampoules in order to av
modifications in the oxygen stoichiometry during the hig
temperature (T>400 K! measurements. NQR~63/2→61/2!
and NMR spectra were obtained by monitoring the echo a
plitude on changing the irradiation frequency, with rf pow
kept at moderate levels in order to minimize the artific
broadening of the lines. In NMR the length of thep/2

FIG. 2. Temperature dependence of the dc spin susceptib
after subtracting a Curie termxC5C/T with C50.0127 emu K/
mole Cu, for different field intensities. The solid line shows th
activated behavior for a gapD85120 K.
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56 14 589SPIN DYNAMICS IN Sr14Cu24O41 FROM 63Cu NQR- . . . .
pulses when irradiating the central63Cu~2! 1/2→21/2 line
was observed to be slightly shorter than the one for t
63/2→61/2 satellite lines and nearly half of that of63Cu in
thin metallic copper wires, as expected. In order to redu
the magnetoacoustic ringing we used duringT2 measure-
ments or when recording the NMR and NQR spectra t
following phase cycling: (xy1,2xy2,2xx1,xx2),
where6x and6y are the phases of the rf pulses, while th
sign 6 at the end gives the phase of the receiver. Using t
pulse sequence and by using appropriate silver coils
could reduce the dead time of the acquisition to 8ms in NQR
and down to 4ms in NMR.

The decrease in the echo amplitude on increasing the
lay t between the two pulses was observed to be Gauss
over nearly two decades~Fig. 3!, due to a strong contribution
from the indirect spin-spin coupling and to a small contrib
tion from T1 processes, especially at low temperatures. F
lowing Penningtonet al.15 we have divided the decay of the
echo amplitude into an exponential term related to Redfie
contribution and a Gaussian one associated with nuclear
rect and indirect dipolar coupling, namely,

E~2t!5E~0!expS 2
2t

T2R
DexpF2

1

2S 2t

T2G
D 2G ~1!

with 1/T2R5(1/T1)'1(a/T1) i , wherei and' are with re-
spect to the quantization axis of the nucleus@b axis for Cu~2!
NMR-NQR measurements#, while a52 for NQR and 3 for
NMR when irradiating the central line. The anisotropy rat
of T1 at room temperature was evaluated (T1) i /(T1)'53.9
60.2. Although for a very anisotropic 1/T1 the estimate of
(1/T1)' can suffer from uncertainties due to some misalig
ment in the sample orientation, we would like to stress th
these corrections have a minor influence, being 1/T2G
@1/T2R . In order to avoid oscillations in the decay of th
echo amplitude due to residual external fields, we protec
the sample chamber with am-metal tube during theT2G
measurements in NQR. The length of the pulses in the NM
measurements allowed a complete irradiation of the wh
63Cu~2! central line ~linewidth at half intensityDn.70

FIG. 3. Decay of the echo amplitude for the central63Cu~2!
NMR line as a function of the delayt between the rf pulses, for
T5293 and 77 K andH55.9 T parallel to theb axis. The dotted
lines are the best fits according to Eq.~1! in the text.
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kHz!, while in NQR all or slightly less than the whole lin
(Dn>280 kHz! was irradiated during theT2G , measure-
ments. This fact is not believed to affect the estimate ofT2G,
since on reducing the amplitude of the rf field down to 50
no effect on the value ofT2G was detected. Furthermore, w
mention that in NQR the decay rate after ap/22t2p/2
pulse sequence was the same as that after ap/22t2p se-
quence, evidencing possible contributions from dynami
processes involving fluctuations of unlike nuclear spins.16

Nuclear-spin-lattice-relaxation rate 1/T152W was esti-
mated from the recovery of the nuclear magnetization a
saturation with a comb of rf pulses, or after inversion of t
population on the61/2 levels for63Cu~2! NMR 1/T1 at the
central line. In order to avoid magnetoacoustic ringing
long-time instabilities in the electronics we used a pulse
quence with immediate subtraction ofm(`),17 the signal ob-
tained after a complete recovery of the nuclear magnet
tion. For 63Cu~2! the recovery of nuclear magnetization w
observed to follow the recovery laws derived in the case o
magnetic relaxation mechanism, namely

y~ t !5
m~`!2m~ t !

m~`!
5exp~26Wt! ~2!

in NQR @see Fig. 4~a!#

y~ t !50.1 exp~22Wt!10.9 exp~212Wt! ~3!

for the central NMR line@see Fig. 4~b!#, and

y~ t !50.1 exp~22Wt!10.5 exp~212Wt!10.4 exp~26Wt!
~4!

for the NMR satellites@see Fig. 4~c!#. We checked at 77 and
293 K, by comparing63Cu and65Cu 1/T1, that the relaxation
mechanism was indeed of magnetic nature. Since the as
metry parameter of the electric field gradient for63Cu~2!
nucleih.0.6 ~see Sec. III A!, the eigenstates in NQR are n
longer theumz563/2& andumz561/2& but they are a linear
combination of allumz& states. Thus one could suspect th
Eq. ~2! is not adequate to describe the recovery of nucl
magnetization in this case, even though, one can observe
unlessh.1 the factor in the exponential of Eq.~2! is rather
close to 6W. In the case of63Cu~1! the recovery of the
nuclear magnetization after saturating the NMR line at 66
MHz was observed to follow a stretched exponential, pos
bly due to electric-field-gradient inhomogeneities which p
vent the occurrence of a common spin temperature am
63Cu~1! nuclei. On the other hand, since the estimate
63Cu~1! 1/T1 is affected by the presence of the underlayi
tails of 63Cu~2! NMR spectrum~see Fig. 5!, due to some
distribution in the orientation of the grains, meaningful va
ues for 63Cu~1! relaxation rates can hardly be obtaine
Therefore, in the following, we will comment only on th
experimental results for63Cu~2! NMR-NQR relaxation rates.
Experiments on single crystals would be required to inve
gate 63Cu~1! NMR relaxation rates.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. NMR-NQR spectra and electric-field gradients„EFG…

The 63Cu room-temperature NMR spectrum is shown
Fig. 5. One observes a broad line around Larmor freque
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FIG. 4. Recovery plots for the nuclear magnetization after saturating the63Cu~2! NQR line atT577 K ~a! and the NMR satellite lines
at T5293 K ~c!, or after inverting the population of the61/2 levels, for63Cu~2! NMR central line atT5293 K ~b!. The dotted lines in~a!,
~b!, and~c! show the best fits according to Eqs.~2!, ~3!, and~4! in the text, respectively.
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and a shifted narrow central line, with two satellites se
rated by614.3 MHz. From the shift of the satellites and b
comparison with the NQR frequency@15.3 MHz at room
temperature~see Fig. 6!# one deduces that one of the tw
species of 63Cu nuclei has a quadrupolar frequencynQ
514.360.1 and an asymmetry parameter of the EFG~Zib)
h50.6660.03. On the basis of point-charge calculations
can attribute these EFG parameters to63Cu~2!. Although an
approach based on a point-charge model is questionab
metallic compounds it has proven to explain quite well t
EFG values in insulating cuprates.18 In this approximation
one can write the total EFG tensor as

Vtot5~12g`!Vion1V3d , ~5!

where the first term describes the contribution from the
tice ions, (12g`) being the Sternheimer antishielding fa
tor, while the second term is the one from valence or liga
electrons. In the calculation of the second term we will n
glect contributions from electrons on orbitals other than
3d ones, thus19,18

~V3d!ab5~12R!eE c3d*
3ab2dabr 2

r 5
c3ddt~a,b5x,y,z!

~6!

with (12R).1 the Sternheimer shielding factor. By usin
standard values for the Sternheimer antishielding factor@(1
2g`)520.8# and considering that the contribution to th
EFG from a hole in a 3dx22y2 orbital is .76 MHz,18 we
could reproduce the values ofnQ andh ~Zib) on the basis of
point-charge calculations for a ground state of the 3d9 hole
c3d50.998u3dx22y2&10.03u3dz2&. One can qualitatively as
sociate the small admixture of 3dz2 wave function to the
small orthorombic distortion in Cu~2! coordination. Similar
calculations carried out for Cu~1! site give a value ofnQ
.3 MHz and a value ofh close to unity for a purely
3dx22y2 ground state, causing an uncertainty in the definit
-

e

in

t-

d
-
e

n

of theZ axis of the EFG. A more precise analysis, howev
would require the knowledge of the correct symmetry of t
ground-state wave function. We point out that also for t
‘‘zig-zag chain compound’’ SrCuO2,20 where the local coor-

FIG. 5. ~a! 63,65Cu NMR spectrum forH55.9 T parallel to the
b axis. The arrows in the center indicate63,65Cu~2! central line and
the broad63,65Cu~1! NMR spectrum. The arrows on the two side
show 63,65Cu~2! NMR satellite lines.~b! The central63Cu~2! NMR
line and the broad63Cu~1! NMR spectrum are shown in an ex
panded scale. The arrow indicates Larmor frequency.
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56 14 591SPIN DYNAMICS IN Sr14Cu24O41 FROM 63Cu NQR- . . . .
dination of Cu is similar to that of Cu~1!, 63Cu nQ is small.
In further support of this assignment of NQR-NMR spec
we mention that the temperature dependence of63Cu 1/T1
~see later on! when irradiating the NQR line around 15 MH
or the narrow NMR central line, which was attributed
Cu~2!, is very similar to the one for63Cu in the two-leg-
ladder compound SrCu2O3.21

The temperature dependence of63Cu~2! NQR frequency
is reported in Fig. 7. One observes a strong temperature
pendence ofnNQR above room temperature, while on d
creasing temperature one observes a stabilization aroun
K. The strong temperature dependence could be associ
in principle, to the thermal expansion of the lattice para
eters ~see Fig. 8!. However, on the basis of point charg
calculations, considering the temperature dependence o
lattice parameters reported in Fig. 8 and assuming no cha
in the direct coordinates of the ions in the lattice, we der
an increase ofnNQR by less than 1% on changing the tem
perature from 293 to 520 K, much less than the modificat
experimentally detected. Thus we deduce that the obse
temperature dependence of63Cu~2! nNQR originates from
distortions in the local structure around Cu~2! ions. These
lattice distortions may cause, in principle, two important
fects: modify the hyperfine coupling constants and/or mod
the superexchange coupling and the spin-excitation s
trum.

The lattice distortions can also affect the temperature
pendence of the63Cu~2! magnetic hyperfine shiftDK ~Fig.
9!, either by modifying the hyperfine coupling constants
the orbital term which is related to the splitting of the cryst
field levels. In order to derive information on the orbit
contribution to the hyperfine shift one has first to subtract
spin contribution which provides information on the hype

FIG. 6. 63,65Cu~2! NQR spectra at three different temperature
A little broadening of the lines is observed on decreasing temp
ture. The Gaussian dashed lines are guides to the eye.
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fine coupling constants. We assume an electron-nuc
Hamiltonian of the Mila-Rice22 form for 63Cu~2!, neglecting
the coupling to Cu~1! 21, as it seems appropriate forT
*110 K. Then one can write

H5g\ IWASW 1g\ IW(
i 51

3

BSW i , ~7!

where the first term is the on-site hyperfine coupling wh
the second one is the transferred hyperfine coupling from
three nearest-neighbor~NN! Cu21 spins in the same ladder

.
a-

FIG. 7. Temperature dependence of the resonance frequenc
63Cu~2! NQR line in Sr14Cu24O41. In the inset the same plot is
shown with thex axis in logarithmic scale in order to evidence th
stabilization of the NQR resonance frequency below 80 K.

FIG. 8. Temperature dependence of the lattice parameters a
room temperature, obtained from the XRD patterns.
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14 592 56P. CARRETTAet al.
The assumption that the transferred hyperfine term is due
to three NN rather than four is not relevant sinceB.0, as it
will be shown in the following~for further discussion see
Sec. III C!. Then one can write the hyperfine shift tensor i
the form

DK5~A13B!
M

H
1DKorb, ~8!

with M the local magnetization due to the Cu~2! 21 spins in
the two-leg ladders@the macroscopic one at low temperature
is dominated by Cu~1! 21 spin susceptibility# and DKorb is
the orbital contribution to the shift. The temperature depe
dence ofDK is mainly due to the temperature dependence
M and is expected to be similar to that observed for63Cu in
SrCu2O3. However, two important differences with respec
to SrCu2O3 are observed~see Fig. 9 and Refs. 4 and 21!: ~a!
the low-temperature value ofDK is certainly higher, imply-
ing a higher value for the orbital part of the shift;~b! the
variation of DK from room temperature to 110 K is large
than for SrCu2O3. Point ~a! indicates a modification in the
low-temperature crystal-field splitting for Cu~2! with respect
to SrCu2O3, in particular being

~DKorb!
b5

16mB
2^r 23&

Exy2Ex22y2

~9!

for a hole in 3dx22y2 ground state, assuming (DKorb)
b

51.45% one can estimate a crystal-field splitting betwe
dxy anddx22y2 states of 2.35 eV. Point~b! can be explained
on the basis of a stronger global (A13B) hyperfine coupling
for HW ib, causing a more sizeable temperature dependenc
DK. If we assume for Sr14Cu24O41 the same temperature
dependence of the local magnetization in the ladders as
SrCu2O3 we derive a global coupling constant (A13B)b5
2310620 kOe, which, by assuming an on-site term simila
to the one in other cuprates,18,23 indicates a value ofB close
to zero. One could suspect that the stronger temperature
pendence observed in Sr14Cu24O41 is related to changes in
the hyperfine constant and/or orbital term originating fro
structural deformations, however, based on the temperat

FIG. 9. Temperature dependence of63Cu~2! NMR shift for H
55.9 T parallel to theb axis.
st
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dependence of the NQR frequency we can assert that the
modifications are rather small in the temperature rang
100< T < 300 K.

B. Transverse relaxation rate 1/T2G

The 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 with the direct nuclear dipo
interaction and is related to the indirect nuclear dipole cou
pling via the localized Cu21 magnetic moments. In this case
one can express the transverse relaxation rate in terms of
real part of the static spin susceptibilityxzz8 (q,0) along the
quantization axis15 (z[b)

S 1

T2G
D 2

5
0.69

d
\2g4H 1

N(
qW

CqW
4
@xzz8 ~qW ,0!#2

2F 1

N(
qW

CqW
2
xzz8 ~qW ,0!G2J ~10!

with d54 for NQR andd58 for NMR when irradiating the
central line, andCqW5@Ab1B12Bcos(qxa)#. In Fig. 10 one
observes that on decreasing temperature 1/T2G increases ei-
ther for NQR or for NMR. The rate of this increase should b
related not only to that of the increasing correlations but als
to the ratio betweenB and Ai . In particular, by comparing
the temperature depndence of63Cu~2! NMR 1/T2G with the
quantum Monte Carlo calculations by Sandviket al.9 we ob-
serve a good agreement forB/Ab.0, supporting our previ-
ous observations based on shift measurements. It is intere
ing to notice that the ratio between 1/T2G in NQR and in
NMR is higher than the factorA2 expected from the differ-
ence in the constantd @see Eq.~10!# for the two cases and
keeps increasing on decreasing temperature~see Fig. 10!.
The increase of 1/T2G on decreasing the field intensity is
analogous to the one detected in dc susceptibility measu
ments and therefore one is tempted to attribute it to an ind
rect contribution to 1/T2G from Cu~1! 21 spins. Namely, the

FIG. 10. Temperature dependence of63Cu~2! Gaussian decay
rate 1/T2G in NQR and in NMR~central line!, for H55.9 T along
the b axis. In the inset the ratio between theq-integrated spin sus-

ceptibilitiesI zz5(qWCqW
4
@xzz8 (qW ,0)#22@(qWCqW

2
xzz8 (qW ,0)#2 for NQR and

NMR is reported.
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56 14 593SPIN DYNAMICS IN Sr14Cu24O41 FROM 63Cu NQR- . . . .
total 63Cu~2! nuclear spin-spin relaxation rate due to indire
processes should be written as

~1/T2G!25~1/T2G!Cu~2!
2 1~1/T2G!Cu~1!

2 , ~11!

where the first term is the one described in Eq.~10! with
xzz(q,0) the spin susceptibility associated with Cu~2! 21

spins, while the second one involves Cu~1! 21 spin suscepti-
bility and is depressed by the magnetic field. It is clear tha
this case63Cu~2! nuclear dipoles interact via Cu~1! 21 spins
through a non-negligible transfered hyperfine coupling
happens for the Cu nuclei in the chains YBa2Cu3O72x , for
instance.23 On the other hand, in principle, other spin-sp
relaxation processes involving Cu~1! nuclear or electronic
spins are possible. For example, the process could be a
namical one associated with the slowing down of Cu~1! 21

spin fluctuations to frequencies of the order of the inverse
the echo delayt; or it could be related to Cu~1!-Cu~2!
nuclear dipolar coupling giving a contribution to63Cu~2!
spin-spin relaxation once theT1 of 63Cu~1! is close tot.
However, the second process cannot explain the orde
magnitude of the enhancement of 1/T2G while the first one
would require Cu~1! 21 spin fluctuation frequencies of th
order of 10 kHz, which is quite unlikely. Furthermore, on
would expect a modification in the function describing t
decay of the echo amplitude, a fact which is not experim
tally observed. Therefore, the only process which appe
plausible with our observations originates from the indir
coupling between63Cu~2! nuclear spins via Cu~1! 21 spins.

The field-induced decrease of (1/T2G)Cu(1) could originate
either from a reduction in theq-integrated spin susceptibility
xzz(q,0) ~see the inset in Fig. 10!, possibly associated with
quenching in the amplitude of spin fluctuations along
magnetic field, or to a reduction in the hyperfine coupli
constants. The contribution of Cu~1! 21 spins to 63Cu~2!
1/T2G is temperature dependent and is strongly enhan
around 85 K. This enhancement, also observed in 1/T1 ~see
Fig. 11!, is possibly related to an enhancement in the am
tude of field fluctuations in proximity of the dimerizatio
temperature and could involve also modifications in the
perfine coupling constants due to the lattice distortions.

C. Nuclear spin-lattice relaxation rate „NSLRR… 1/T1

The temperature dependence of63Cu~2! NQR and NMR
~at 5.9 T and forHW ib) NSLRR is shown in Fig. 11. One
notices that, forT*150 K, 1/T1 follows an activated behav
ior, however, a clear difference in the values obtained fr
NMR and NQR measurements is observed. At low tempe
tures one can observe a clear peak in the NQR NSL
which is strongly depressed in NMR. In order to clarify the
effects one has to understand the relevance of the mag
field intensity in measuring 1/T1. We will first discuss the
high-temperature (T*150 K! behavior of NSLRR which is
dominated by Cu~2! 21 spin dynamics.

NSLRR can be expressed in terms of the component
the dynamical structure factor, Si 5x,y,z(qW ,v)
5*2`

` ^SqW
i (t)SqW

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

n

s

y-

f

of

-
rs
t

e

d

i-

-

a-
R

tic

of

1/T15
g2

2N(
qW

@Az~qW !2Sz~qW ,vR!1A'~qW !2S'~qW ,ve6vR!#,

~12!

whereA',z(qW ) are form factors describing the hyperfine co
pling of the spin excitations at wave vectorqW to the nuclei.
The hyperfine coupling tensor for63Cu~2! nuclei is diagonal
in the frame of reference of the crystallographic axes and
dominated by the on-site contribution. Then, only the seco
term of the above equation is present, withA'(qW )5@Aac
1B12Bcos(qxa)#. In two-leg ladders, dimerized chains o
Haldane gap systems, at low temperatures and low magn
fields (gmBH/kB!T!D), only the low part of the triplet
magnon branch is populated. In that case, following Sagi a
Affleck,24 the nuclear relaxation is dominated by indirectq
.0 processes which can be either intrabranch (Dmz50)
ones, described by the first term of Eq.~12! @absent for
63Cu~2!#, or interbranch (Dmz561) ones where a simulta
neous flip of the electron and nuclear spins occur@second
term of Eq.~12!#. Then the temperature dependence of 1/T1
for T!D is an activated one, the value of 1/T1 increasing
with the increasing population of triplet states.8,24 By assum-
ing a quadratic dispersion relation for magnons atkx.p/a
Troyer et al.8 found for T!D

1/T1.
dg2

2NJ
3expS 2

D

kBTD
3~A'

2 !q50@0.89091 ln~kBT/\~ve6vR!#. ~13!

The above expression fits quite well the temperature dep
dence of 1/T1 from 150 to.320 K for a value of the gap
D(p/a).650 K ~see the inset to Fig. 11!. The deviations
observed at higher temperatures should be attributed to
fact that the quadratic approximation for the magnon disp

FIG. 11. Temperature dependence of the63Cu~2! NSLRR 2W in
NQR and in NMR forH55.9 T parallel to theb axis. In the inset
the same data are shown in an Arrhenius plot, the solid line giv
the behavior expected for a gapD(p/a)5650 K. The dashed line at
low temperatures shows the activated behavior for a dimeriza
gapD85120 K, the same derived from dc susceptibility data~see in
the text and in Fig. 2!. The diamonds connected by the solid lin
show the results from quantum Monte Carlo calculations tak
from Fig. 2 in Ref. 9, forJ51200 K andB/Aac50, after rescaling
by the appropriate hyperfine coupling constant.
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14 594 56P. CARRETTAet al.
sion relation is no longer valid asT→D, since also excita-
tions atkx,p/a, where the dispersion curve is more linea
become relevant. For this dispersion form, following t
same calculations reported in Ref. 8 one would derive 1T1

}Texp(2D/T). Even though, a more complete analysis of t
high temperature behavior has to take into account all p
sible processes including those in the continuum of the s
excitations. This analysis has been carried out by Sand
et al. using the quantum Monte Carlo technique.9 We ob-
serve that using the hyperfine constants adequate for
compound, the trend of NSLRR can be fairly well repr
duced assumingJ.1200 K for the superexchange along a
between the two chains of a ladder and consideringB/Aac

.0 for the ratio between the hyperfine coupling consta
~see Fig. 11!. In this case, when both superexchange c
plings along and between the chains forming the ladder
equal, one should expectD(p/a)5J/2.600 K,25 which is in
reasonable agreement with our estimate from the analys
T1 for 150<T<320 K using the expression in Eq.~13!.

At this point, having clarified the temperature depende
of Cu~2! NSLRR for T>150 K we have to understand th
effect of the magnetic field in depressing its amplitude. A
appears from Eq.~13! 1/T1 should increase logarithmicall
on decreasing the field intensity, i.e., on decreasingG5ve
6vR.ve . In fact we observe that on varying the field in
tensity between 9.4 and 1.9 T, 1/T1 progressively increase
~Fig. 12!. The field dependence is well described by Eq.~13!
and the slope of the function plotted in Fig. 12 does not h
any adjustable parameter. A small frequency cutoff, poss
related to interladder couplings and/or to a spin anisotro
was introduced. In NQRG is much smaller than in NMR and

FIG. 12. 2W for 63Cu~2! as a function of 2p/G, with G5ve

6vR for T5293 K. The line shows the function 1/T1

5a ln„kBT/\GA11(vc /G)2
… @see Eq. ~13!#, with vc/2p52.7

3108 Hz, a low-frequency cutoff.
,
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a pronounced increase of63Cu~2! 1/T1 is observed when the
field intensity is decreased from 1.9 T to zero.

In order to check if 1/T1 in NMR diverges as ln(kBT/\G)
instead of ln(kBT/\vR) we did the following analysis. While
in the first case 1/T1 measured either on the central line or o
the satellites should be the same with the recovery la
given by Eqs.~3! and~4!, respectively, in the second case t
transition probabilities between the Zeeman states are
quency dependent and the recovery laws should be mod
accordingly. At room temperature and for a magnetic field
5.9 T, where most of the experiments were performed,
coefficients 2W,6W, and 12W in Eqs.~3! and~4! should be
replaced by 2.036Wh, 6.119Wh, and 12.213Wh, with 2Wh

the relaxation rate for the high-frequency satellite. We fou
that when the experimental data were fitted according to E
~3! and ~4! W was the same for all lines within62 % @see
Fig. 4~c!#, while when the corrected expression was use
slightly larger disagreement was found andWh was observed
to vary within64%. Despite the fact that the above analy
does not appear to give a definite answer, we point out
when the field is reduced from 1.9 T to zero 1/T1[2W var-
ies by a factor.2, as expected for 1/T1} ln(kBT/\G), while
if it varied according to ln(kBT/\vR) an increase by only 4%
should be observed. A more precise definition of the curve
Fig. 12 could have been obtained from Zeeman-pertur
NQR measurements. However, in order to obtain signific
data long statistics~around 1062107 averages! and a good
stability of the whole experimental apparatus~cryostat and
spectrometer! over more than one week are required to o
tain one point. Since such a stability was hardly achieva
we did not perform these measurements.

At high temperatures63Cu~2! NQR 1/T1 reaches asymp
totically a value close to 2200 s21, not too different from the
asymptotic value 2600 s21 for 63Cu 1/T1 in La2CuO4.

26 In
the high-temperature limitT*J one has

1/T15
g2

4
~Aac

2 1nB2!
A2p

vexc
, ~14!

with n the effective number of NN electron spins which a
coupled to63Cu~2! nuclei via the transferred hyperfine ter
B andvexc5@2J2kB

2mS(S11)/3\2#1/2 Heisenberg exchang
frequency,m being the number of NN electron spins coupl
via the superexchange couplingJ. It is clear that in genera
mÞn and the assumption thatn5m should be valid only if
the electrons involved in the strong superexchange coupl
namely, those in Cu 3d and O 2p orbitals, are also the one
causing the transferred hyperfine coupling. Now, this is
true in general and in particular one should understand wh
is the role played by 4s electrons in the transferred hyperfin
coupling.18 For this reason we find also reasonable the
sumptionn54, while m53. Even though, this assumptio
does not affect the analysis of the temperature dependen
NSLRR since adjacent spin ladders are equivalent
causes minor differences in the estimate of the absolute
ues of 1/T1 since B is rather small. Thus, by taking into
account in estimatingvexch that J51200 K andm53 one
derives, for 1/T1(T@J)52200 s21 andB.0, an hyperfine
coupling constantAac.120 kOe, in reasonable agreeme
with the estimates for63Cu in other spin-ladder com
pounds.21 We also point out that for this coupling consta
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one would get an anisotropy of 1/T1 of .3.83, very close to
the one experimentally observed~see Sec. II B!.

After having discussed the high-temperature behavior
63Cu~2! 1/T1 we turn now to the discussion of the behavio
for T<150 K, which is possibly related to the Cu~1! 21 spin
dynamics.63Cu~2! NQR 1/T1 shows a well-defined peak of
magnetic origin around 85 K. This peak could be associat
with a slowing down of the field fluctuations associated wi
the softening of the vibrational modes in correspondence o
lattice distortion and is not the critical one associated with
transition to a magnetically ordered phase since no aver
hyperfine field at the nuclei is detected below 85 K. The pe
is remarkably depressed by the application of a magne
field, but it is not absent. In fact, if we subtract from63Cu~2!
1/T1 the high temperature activated trend@see Eq.~13!# as-
sociated with the Cu~2! 21 spin dynamics one observes~Fig.
13! that NMR and NQR NSLRR have the same temperatu
dependence but are different in magnitude by a factor.15.
At first one could suspect that this peak is associated to
slowing down in the diffusive motion of the extra holes in
trinsically present due to the three excess oxygens
Sr14Cu24O41, the hopping rate becoming of the order of th
Larmor frequency around 85 K. However, the observed fie
dependence of 1/T1 is much stronger than the one expecte
for relaxation processes associated with diffusive holes27

Furthermore, taking into account that the gap between loc
ized and itinerant states estimated from transport measu
ments is aroundEg50.18 eV,14 the characteristic hopping
time of the holes,27 th5to3exp(Eg/T) with \t0

21 of the
order of the bandwidth, should become of the order
nuclear Larmor frequency at much higher temperatures.
one hadth

21 of the order ofvL at 85 K one would get a
t0,10218 s, which is too small.

The marked reduction of 1/T1 could also indicate that the
magnetic field causes a remarkable suppression in the am
tude of field fluctuations at63Cu~2! nuclei' to HW possibly

FIG. 13. NSLRR for63Cu~2! after subtracting the activated con
tribution from Cu~2!21 spin fluctuations@see Eq.~13!# with a gap
D5660 K, for H50 ~NQR! and H55.9 T parallel to theb axis.
The vertical scale for NQR data~circles! is the one on the right,
while the vertical scale for NMR data~squares! is the one on the
left. In the inset the raw data for63Cu~2! NSLRR are shown~see
Fig. 11! together with the activated high-temperature behavi
~solid line! obtained for a gapD5660 K.
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due to a quenching in the amplitude of Cu~1! 21 spin fluc-
tuations parallel to the applied magnetic field or to a mo
fication in the hyperfine coupling constants through a m
netocrystalline coupling. Even if a dipolar hyperfin
coupling could support the first observation it will be in co
trast with the previous findings fromT2G measurements
namely the external magnetic field cannot quench both
amplitude of field fluctuations along and perpendicular to
magnetic-field direction. Furthermore, these two effe
should cause a decrease in 1/T1 of the order of those ob-
served in 1/T2G and dc susceptibility measurements, whic
however, is an order of magnitude smaller. Hence, the
markable effect of the magnetic field on 1/T1 should have a
different origin. One could suspect that the field depende
of NSLRR is the classical one associated to long time dif
sive tails in the Cu~1! 21 spin-correlation function,28 giving
for a one-dimensional system 1/T1}1/AH for T*J8. The
value ofJ8 along the CuO2 chains should be of the order o
a hundred of Kelvin degrees and it is possible that the sys
is no longer in the classical limit forT.80 K. However, as
recently pointed out by Takigawaet al.29 it is possible that
this diffusive behavior extends to temperatures belowJ8.
The relevant field dependence of 1/T1 should be attributed to
relatively small values of the diffusion constantD.vexc and
of the interchain coupling causing the low-frequency cuto

At low temperatures a small peak in 1/T1 is still present.
This peak is not a critical one, since no anomaly in the lo
temperature specific-heat measurements is detected,
should be possibly attributed to a freezing in the spin flu
tuations associated with the hopping around a Cu2
plaquette of the already localized extra holes, similar to w
is observed in other cuprates.27

IV. SUMMARIZING REMARKS AND CONCLUSIONS

From the comprehensive analysis of63Cu~2! NMR-NQR
measurements we have achieved insights on the corre
Cu~2! 21 ~two-leg-ladder site! and Cu~1! 21 ~chain site! spin
dynamics, the first dominating the63Cu~2! relaxation pro-
cesses at high temperatures (T*150 K!, while the latter the
low-temperature ones. As regards the contribution fr
Cu~2! 21 spins we have observed the following:

~a! The temperature dependence of 1/T1 is in good agree-
ment with theoretical calculations up to temperaturesT.D,
assuming an intraladder superexchange couplingJ.1200 K,
along and between the two chains forming the ladder.

~b! 1/T1} ln(1/ve6vR), and we demonstrated that 1/T1

probesS(qW ,ve6vR).
~c! From the temperature dependence of the NMR sh

1/T2G and 1/T1 we estimated the following coupling
constants between63Cu~2! nuclei and Cu~2! 21 spins:
Ab.2310 kOe,Aac.120 kOe, andB.0.

Unfortunately for this compound there is not the possib
ity of comparing the gap estimated from dc susceptibil
with the one derived from 1/T1 measurements, the first bein
dominated by the response from Cu~1! 21 spins.

On the other hand, for what concerns Cu~1! 21 spin dy-
namics we mention the following:

~a! The temperature dependence of the dc susceptibi
combined with the absence of a magnetic order, indicate

r
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14 596 56P. CARRETTAet al.
dimerization of Cu~1! 21 spins below.85 K.10,14 The abso-
lute values of the dc susceptibility, 1/T2G and 1/T1, are de-
pressed by the magnetic field.

~b! The onset of the dimerization coincides with a sta
lization in the 63Cu~2! NQR frequency, pointing out tha
around 85 K there is a stabilization of the local lattice stru
ture.

~c! At nearly the same temperature (.85 K! we observe a
peak in 1/T1.

These observations could suggest that the spin dime
tion is influenced by lattice distortions. In fact, if a dimeriz
tion takes place the superexchange coupling along the ch
J8 has to be negative and this is unlikely for 90° super
change bondings which usually give a small ferromagn
coupling. Therefore, one should expect that the lattice dis
tions cause an increase in the Cu-O-Cu bonding angle
decreasing the temperature towards.85 K. In particular, for
a chain of weakly interacting dimers one would expectJ8
.D8.120 K. This coupling constant is close to the one
CuGeO3,30 implying that the superexchange angles possi
increase to valuesQ.100–120°. On the other hand, a mo
, J
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y

accurate determination of the lattice parameters by neut
scattering measurements would be required. Finally, to
cidate the origin of the anomalous reduction of the dc s
ceptibility and 63Cu~2! NMR-NQR relaxation rates induce
by the magnetic field63Cu~1! NMR measurements in singl
crystals are necessary. Although further measurements
required to gain a more clear scenario, we have clearly
denced the presence of anomalous properties in Cu~1! 21

spin excitations in CuO2 chains and pointed out that releva
lattice distortions occur before the chain spins dimerize.
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