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Spin dynamics in a two-dimensional disorderedS5 1
2 Heisenberg paramagnet

from 63Cu NQR relaxation in Zn-doped La2CuO4

P. Carretta, A. Rigamonti, and R. Sala
Department of Physics ‘‘A. Volta,’’ Unita´ INFM and Sezione INFN di Pavia, Via Bassi, 6, 27100-I Pavia, Italy

~Received 1 April 1996; revised manuscript received 10 September 1996!

63Cu NQRT1 andT2 relaxation measurements in La2Cu12xZnxO4, for 0<x<0.11 and in the temperature
rangeTN<T<900 K, are presented. The results are used to derive insights into the Cu21 correlated spin
dynamics in the paramagnetic phase of theS5

1
2 two-dimensional~2D! Heisenberg~H! antiferromagnets~AF!,

and into the disorder effects associated with the spin vacancy due to Zn21 (S50) for Cu21 substitution. In

particular, by using scaling arguments for the static generalized susceptibility,x(qW ,0), and for thedecay rate,
GqW , of the normal excitations,T2 and T1 are related to the in-plane correlation lengthj2D(x,T) and its
dependence on temperature and Zn doping,x, is extracted. The experimental findings are analyzed in light of
the quantum critical and renormalized classical behaviors forj2D predicted by recent theories forS51/2 HAF
on square lattices. It is shown that up toT.900 K, j2D is consistent with the assumption of a renormalized
classical regime, in agreement with recent neutron scattering results and at variance with previous interpreta-
tions of the NQR data. It is discussed how Zn affectsj2D through the modification in the spin stiffness and
comparison with the disorder induced by itinerant extra holes is made.@S0163-1829~97!05806-2#
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I. INTRODUCTION

La2CuO4, besides being the parent of high temperat
superconductors, can be considered as a prototype for
investigation of quantumS51/2 magnetism in plana
Heisenberg antiferromagnets~2D-QHAF!. Also in view of
the efforts to clarify the mechanisms underlying high te
perature superconductivity, La2CuO4 and related system
have attracted a great deal of theoretical and experime
interest.1 From early neutron scattering studies2 an exponen-
tial temperature dependence of the magnetic correla
length for T.TN was observed and interpreted as the
critical behavior towards an ordered state atTN

2D50 K, as
expected for 2D Heisenberg systems. The transition to
AF ordered state is driven atTN.315 K by the crossover, in
a narrow temperature range, to a 3D behavior associate
the small interplane exchange couplingJ8.1025J, whereas
the intraplane exchange interaction isJ.1500 K. Well
above TN recent theories for critical phenomena in 2D
QHAF ~Refs. 3 and 4! predict that La2CuO4 is in the renor-
malized classical~RC! regime, in which the spin wave stiff
ness constantrs and the spin wave velocitycsw are
renormalized by quantum fluctuations with respect to
correspondent mean field approximation~MFA! values.

In the RC regime, in La2CuO4, one expects4 for the in-
plane magnetic correlation length

j2D.
\csw

16pkBrs
e2prs /TS 120.5

T

2prs
D

50.493ae1.15J/TF120.43
T

J
1OS TJ D

2G , ~1!

wherea is the lattice unit and where the spin stiffness h
been writtenrs51.15J/2p, while csw51.18A2JkBa/\.
550163-1829/97/55~6!/3734~8!/$10.00
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At temperatures higher than about 2rs.600 K, instead of
going towards the classical limitT@J, La2CuO4 is expected
to cross from the RC regime to the quantum critical~QC!
regime. In this phase, typical of 2D quantum systems,
only energy scale is set by temperature so that the dynam
critical exponentz is z51 andj2D.aJ/T.

The comprehension of the experimental findings in
paramagnetic phase of La2CuO4 is still not well established.
From 63Cu NQRT1 andT2 measurements Imaiet al.

5 con-
cluded that the relaxation rate is in agreement with the th
retical calculations based on the dynamical scaling
S51/2 2D-QHAF.3 These results were used to claim th
occurence of the QC regime6,7 and furthermore to argue8 that
the disorder related to hole doping extends the QC regim
lower temperatures. On the other hand, neutron scatte
data,9 combined with Monte Carlo simulations, in the be
2D-QHAF ~namely Sr2CuO2Cl 2) and more recently10 also
in La2CuO4 showed no evidence of crossover from the R
to the QC regime.

The early Cu NQR data5 have been subsequently reexam
ined by Matsumuraet al.11 which concluded that the devia
tion of the relaxation rate from the prediction expected in
RC regime was not associated to the crossover to the
regime. A detailed comparison of the data for63Cu T1 and
spin echo decay rate in La2CuO4 with theoretical predic-
tions based on quantum Monte Carlo and maximum entr
analytic continuation, has recently been given,12 again rais-
ing doubts on the existence of a temperature regime wh
QC scaling expressions can be applied.

In this paper we report63Cu NQR relaxation measure
ments carried out in La2CuO4 doped with Zn, aiming at
investigating the effect of the disorder associated to
Zn21 S50 for Cu21 S51/2 substitution onj2D . The
63Cu NQR relaxation is driven by the correlated spin dyna
ics of the Cu21 magnetic moments and the spin-lattice r
laxation rate 2W51/T1 and the spin echo decay rate 1/T2G
3734 © 1997 The American Physical Society
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55 3735SPIN DYNAMICS IN A TWO-DIMENSIONAL . . .
can be directly related toj2D on the basis of scaling argu
ments. It is first shown that the NQR quantities in pu
La2CuO4, in the temperature range 450&T&900 K, quanti-
tatively follow the behavior expected for the RC regime w
a dynamical scaling exponentz51. Thusj2D is extracted in
close form with minor use of adjustable parameters~only a
numerical factor of the order of unity is introduced in ord
to take into account quantum corrections to the amplitude
spin fluctuations!. The data are in good agreement with t
findings from neutron scattering.10 Then, having establishe
a reliable connection between Cu NQR relaxation rates
j2D , the data in the doped system La2Cu12xZnxO4 for
x50.025,0.08, and 0.11 are used to derivej2D(x,T). An
analogous derivation, of less quantitative value, can be
tained by analyzing thex dependence of the Ne´el tempera-
ture TN(x) in La2Cu12xZnxO4, as already discussed in
previous work13 based on139La NQR andmSR in the AF
phases. The effect of Zn onj2D turns out to be rather wel
justified from the changes on the spin stiffness expected f
the dilution of the magnetic spins. No evidence of a drama
increase in quantum fluctuations or of a crossover to
quantum disordered regime is found.

The paper is organized as follows. In Sec. II informati
on experimental aspects, some basic equations, and th
perimental results are presented. In Sec. III the63Cu NQR
relaxation rates are related to the Cu21 spin dynamics. First
the classical limiting condition (T@J) is considered, point-
ing out that even at the highest temperatures the corres
dent theoretical expressions for 1/T1 and 1/T2G can hardly be
used. The regime of strong 2D correlation is then discus
and the appropriate relationships forj2D are worked out.
Then j2D(x,T) is derived and discussed in terms of Z
induced modifications on the spin wave stiffness. Comp
son with the case of hole doping is discussed, also in view
the much stronger suppression of the spectral weight of
spin excitations at low frequencies in La2CuO4 doped with
itinerant holes. Finally in Sec. IV summarizing remarks a
conclusions are given.

II. EXPERIMENTALS AND EXPERIMENTAL RESULTS

The powders of La2Cu12xZnxO4 and the pure
La2CuO4 used as reference have been prepared by Licci
Raffo ~MASPEC, Parma, Italy! ~Ref. 13! by conventional
solid state reactions in air, starting from La2O3, CuO, and
ZnO ~purity .99.99%!. The pellets have been annealed f
24–48 h at 1050 °C. The treatment was repeated thre
four times at temperatures around 1050 °C with intermed
room temperature grinding and check of the x-ray diffract
pattern. No evidence of spurious phases or of segrega
was obtained by this technique. Thus the doping amounx
was simply estimated from the stoichiometric ratios of t
starting compounds. In order to fully oxydize the produc
annealing in oxygen at 480–500°C was first performed
150–200 h. For the NQR experiments the samples have b
ground again and the excess oxygen, which is known
modify the magnetic properties, has been removed ei
with zirconia getters or by annealing in N2 atmosphere a
700°C for 24 h. To prevent further oxygen exchange dur
the measurements the powders have been sealed in P
f

d

b-

m
ic
e

ex-

n-

d

i-
of
e

nd

r
or
te

on

,
r
en
to
er

g
rex

ampoules. Since Pyrex becomes porous at high temperat
the ampoule was kept in N2 atmosphere.

The transition temperatures from the AF to the PA pha
have been monitored through the139La NQR spectra and
from the extrapolation to zero of the zero-fieldmSR preces-
sional frequencies~see Ref. 13 for details!. The Néel tem-
perature for the pure La2CuO4 turned outTN(0)531562
K. The x dependence ofTN is reported in Fig. 1. It is noted
that TN is slightly affected by Zn doping and the absolu
values ofTN(x) are the highest reported in literature~see
Ref. 13 and references therein!. This demonstrates that th
oxygen stoichiometry is close to the ideal one. The tempe
ture control in the measurements presented in the follow
was such that for the highest temperature the uncertainty
kept within61 K during the full time of the measure~up to
6–8 h for a full recovery plot in NQR63Cu spin-lattice re-
laxation!.

The 63Cu relaxation rates have been obtained with st
dard pulse techniques.T1 was deduced from the recovery o
the echo amplitude after a sequence of saturating pu
yielding equalization in the populations of the61/2 and
63/2 63Cu NQR levels. For the samples at large dopi
(x>0.08) the NQR lines are very broad@see Fig. 2~a!# and
some evidence of a small contribution from spectral dif
sion was detected at short times of the recovery. In th
cases only the exponential part of the recoveryy(t)
5exp$26Wt% was used to extract the relaxation ra
1/T152W. It can be noticed that the63Cu NQR line in
doped samples is asymmetric and a component, more evi
for x50.025, appears aroundnQ532.4 MHz @see Fig. 2~a!#.
This shoulder might be due to the nuclei which are nea
neighbors to Zn impurities.T1 measurements carried out b
irradiating at the frequency of the shoulder showed non
ponential recovery at short times and a slightly longerT1,
consistent with the aforementioned hypothesis. The re
ation measurements that we are going to report refer to i
diation of the center of the line and therefore to nuclei wh
are not nearest neighbors~NN! to the Zn impurities. In Fig.
2~b! a typical recovery plot up to the second decade
shown. As in most systems with disorder, some deviati
from the exponential behavior are present at long times.
deviations in the second decade are likely to be related to

FIG. 1. Néel temperaturesTN(x) in the samples of
La2Cu12xZnxO4 used in the present work, as obtained fro
139La NQR spectra andmSR precessional frequencies. Forx50 we
foundTN531562 K.
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FIG. 2. ~a! Typical 63Cu NQR spectra in La2Cu12xZnxO4. In the pure sample the line was obtained through direct Fourier transfo
tion of half of the echo signal. ForxÞ0 the spectra were reconstructed by sweeping the irradiation frequencyn irr , Fourier transforming half
of the echo signal and reporting the amplitude read atn irr . ~b! A typical recovery law for the amplitude of the echo signal after satura
is shown, for the sample withx50.08 (T5600 K! and for the sample withx50.11 (T5680 K!. For x50.08, from the fit of the points in
the first decade one derives 2W53.160.07 ms21, while by fitting the data in the two decades one has 2W53.1960.09 ms21. For the
x50.11 sample the fitting of the data over two decades gives 2W52.2160.06 ms21.
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Cu nuclei nearest neighbors of Zn impurities which ha
longerT1’s. However, they little affect the evaluation of th
relaxation rate for the nuclei in the bulk of the sample,
pointed out in the caption to Fig. 2~b!. One could observe
that the deviations from the exponential behavior occuring
the second decade in La2Cu12xZnxO4 are less marked tha
the ones in Zn-doped YBa2Cu3O72d.

14 This difference is
most likely due to the fact that the63Cu nuclei nearest neigh
bour to Zn in La2Cu12xZnxO4 has a resonance sizab
shifted from the one for the nuclei in the bulk.

The Gaussian part of the spin echo decay was obta
from the plot of the echo amplitudeh(2t) as a function of
the delayt between the two rf pulses. The behavior15

h~2t!5h~0!e$25.6•2t/T1%e$2~2t!2/2T2G
2 % ~2!

was found to be very well verified and 1/T2G was thus ex-
tracted~Fig. 4!. One can observe that the slight modificatio
upon Zn doping, expected in the anisotropy ratio of the
perfine Hamiltonian~see Sec. III A! modifies the numerica
factor in the Lorentzian part of Eq.~2! only by a few percent,
for the maximum amount of doping. In the following we wi
neglect this correction. The length of the pulses maximiz
the echo signal was noticed to change slightly according
the width of the NQR line, in qualitative agreement with t
calculations by Man.16 It should be remarked that a corre
evaluation ofT2G is possible only when the line is narro
enough so that a complete irradiation by the RF pulse
achieved. This is the case for pure La2CuO4 or for moder-
ately Zn-doped compounds. The strength of the RF field w
estimated around 100 G. With a typical pulse length
.3ms the 63Cu NQR line was fully irradiated only for rela
tively narrow lines, i.e.,x<0.025. No modification in the
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absolute values ofT2G was observed on reducing the R
power. However, forx>0.08 the NQR line is dominated b
the inhomogeneous broadening due to disordering and
the meaning of 1/T2G derivation is doubtful, although the
Gaussian behavior was always well verified.

III. RELAXATION RATES, SPIN DYNAMICS,
AND CORRELATION LENGTH

In this section we relate the63Cu NQR spin-lattice relax-
ation rate and the echo dephasing time to the correla
Cu21 spin dynamics and to the in-plane correlation leng
j2D . For convenience we first consider the limit of infini
temperature. In the regime of strong correlation, namely
T,J, we use scaling arguments to derive the relationship
T1 and ofT2G to j2D . Then the theoretical expressions f
j2D suggested by recent theories for 2D-QHAF are cons
ered and the role of the disorder due to Zn doping is
dressed.

A. Infinite temperature approximation

In the high temperature limit the correlation among t
Cu21 spins can be neglected. We will consider the magne
relaxation process of63Cu as driven by the interaction with
the on-site Cu21 spin and with the four nearest neighb
~NN! ones. For the electron-nucleus Hamiltonian we refer
the well-established Mila-Rice form.17 Thus the field at the
nuclear sitehW is written

hW 5ASW o1(
i51

4

BSW i . ~3!
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55 3737SPIN DYNAMICS IN A TWO-DIMENSIONAL . . .
Then from the expression

1

T1
52W5

g2

2 E2`

1`

^h1~0!h2~ t !&e2 ivQtdt ~4!

by considering the correlation function for the transve
~i.e., in theab plane! components of the spin operatorsSW in
the usual Gaussian form,18 with an effective correlation time
related to the inverse of the corrected5 Heisenberg exchang
frequencyve , where

ve5F S 2J2kB2zS~S11!

3\2 D S 122A'B

A'
214B2 D G1/2 ~5!

with z the number of NN spins and where the correcti
pertinent to the transferred hyperfine interactionB in the NN
spin correlation function has been taken into account,
derives

S 1T1D `

5
1

4
g2~A'

214B2!
A2p

ve
. ~6!

In the above equation one can useA'580 kG andB583 kG
~corresponding to 40 kOe/mB and 41.5 kOe/mB , respec-
tively!. Then from Eq.~5! one estimates the high temperatu
limit of the relaxation rate: (1/T1)`54.43103 s21. This
value is about twice that of the experimental result
T.900 K, where 1/T152.63103 s21. The difference is
likely to reflect the correlation effects in the spin fluctu
tions, as is discussed in the following subsection@see the
caption in Fig. 3~a!#.

B. Regime of strong 2D correlation

For T<J, with j2D at least of the order of some lattic
units, the Cu21 spin fluctuations become correlated. Fro
Eq. ~3!, by introducing in Eq.~4! the collective spin compo
nents and their decay rateGqW ~with GqW@vQ) one obtains

1

T1
5

g2

2

1

N(
qW
„2uSqW u2/GqW)

3$A'22B@cos~qxa!1cos~qyb!#%2 ~7!

where the 2D wave vectorqW starts fromqAF5(p/a,p/a).
By resorting to conventional scaling arguments19 one can
write

uSqW
au25uSqAF

a u2f ~qj!5e
S~S11!

3 S j

aD
22h

f ~qj!, ~8a!

GqW5GqAF
g~qj!5~2ve /A2p!S j

aD
2z

g~qj!, ~8b!

where j[j2D , h is expected to be negligible@h.0.028
~Ref. 20!#, a5x,y,z, while the dynamical scaling exponen
e

e

t

z depends on the properties of the spin dynamics. In Eq.~8a!
e is a constant of order of unity which accounts for t
reduction of the amplitude of spin fluctuations due to qua
tum effects. Moreover, in Eq.~8b! a proper match has bee
achieved with the Heisenberg exchange frequencyve which
describes the uncorrelated spin fluctuations in the limit
infinite temperature. For the scaling functionsf andg in Eqs.
~8! we will assume the simple MFA forms

f ~qj!5
b

q2j211
5g~qj!21, ~9!

where 1/b5(j2/4p2)*dqW /(11q2j2) is a normalization fac-
tor which preserves the sum rule(qW uSqW

au25eNS(S11)/3.
Then from Eqs.~7! and ~8! one has

FIG. 3. ~a! 63Cu NQR relaxation rates in the paramagnetic pha
of La2CuO4 (s representative points from Ref. 11,d data from
this work!. The solid line gives the theoretical form for 2W as
obtained from Eq.~10! in the text by means of a numerical integr
tion and in the assumption ofj2D(T) described by Eq.~1!. The
increase of 1/T1 for T>1800 K is due to the fact that whenj<1
theAqW form factor enhances the contribution to the relaxation r
related to the long wavelength excitations for whichAqW takes the
maximum valueAqW5(A'14B)2, which instead is filtered out for
j@1. ~b! 63Cu NQR relaxation rates in La2Cu12xZnxO4 for
x50.025 (n), x50.08 (h) andx50.11 (L). The dashed, dotted
and dot-dashed lines show the respective behavior expected ac
ing to the dilution model.
1

T1
5g2

S~S11!

3
eS j

aD
z12b2A2p

ve
S a2

4p2D E
BZ
dqW

$A'22B@cos~qxa!1cos~qyb!#%2

~11q2j2!2
. ~10!
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3738 55P. CARRETTA, A. RIGAMONTI, AND R. SALA
In order to test quantitatively the validity of the assumptio
underlying the derivation of Eq.~10! we performed an esti
mate of the theoretical expression for the relaxation rate
means of a numerical integration over the Brillouin zo
~BZ! and by using for the temperature dependence ofj the
form in Eq. ~1!, with the valuez51 for the dynamical scal-
ing exponent andJ51588 K.10 The result of this evaluation
for 1/T1 is reported in Fig. 3~solid line!. One notes that for
e50.3 ~which is of the correct order of magnitude3! the
agreement with the experimental results is good either for
absolute value as well as for the temperature dependenc

A simple analytical form which emphasizes the conn
tion of 1/T1 to j2D can be obtained if an average~over the
BZ! form factor

^AqW&5^$A'22B@cos~qxa!1cos~qyb!#%2&BZ5A'
214B2

is taken out from the integration in Eq.~10!. Then the relax-
ation rate can be written

1

T1
.g2

eS~S11!

3

A2p

ve

p

@ ln~qmj!#2
^AqW&S j

aD
z

.
4.23103

@ ln~qmj!#2 S j

aD
z

, ~11!

whereqm52Ap/a, the integration having been carried o
over a circle centered aroundqAF . To give an idea, the as
sumptions leading to Eq.~11!, for instance, atT.1000 K,
imply a relaxation rate 1/T1.2.23103 s21 instead of the
value 1/T1.2.63103 s21 numerically obtained from Eq
~10! @see solid line in Eq.~2!#. One can remark that the othe
two assumptions for the form factorAqW , namelyA'

214B2

~totally uncorrelated fluctuations! or (A'24B)2 ~for com-
plete AF correlation! are expected to hold only fo
T>1500 K or for T!J, respectively~see comment in the
caption to Fig. 3!. In summary, although 1/T1 is nearly pro-
portional toj2D, non-negligible corrections, associated to t
q dependence of the form factor, have to be taken into
count in order to extract quantitative values ofj2D .

As regards the Gaussian component of the spin echo
cay rate, it has been shown that the dominant contribu
arises from the indirect nuclear spin-spin coupling.15 Then
one can write21

S 1

T2G
D 250.69

4
\2g4H 1N(

qW
CqW
4x82~qW ,0!

2S 1N(
qW

CqW
2x8~qW ,0! D 2J , ~12!

whereCqW5Ai22B@cos(qxa)1cos(qyb)# (Ai52332 kG!. By
using the same scaling arguments outlined forT1 and since
uSqW

au25kBTxaa(qW ,0), one has
s

y

e
.
-

c-

e-
n

S 1

T2G
D 250.69\2g4

4~kBT!2 S eS~S11!

3 D 2b2S j

aD 4
3H a2

4p2E
BZ
dqW

CqW
4

~11q2j2!2

2S a2

4p2E
BZ
dqW

CqW
2

11q2j2D 2J . ~13!

By using for j2D the form given in Eq.~1! and adding the
second moment from the direct spin-spin coupli
@(1/T2G)dir

2 5(4.53103)2 s22 ~Ref. 22!#, again a reasonable
agreement with the experimental results is found~Fig. 4!.

If an average form factor is taken out of the integral as
T1 @see Eq.~11!# then Eq.~13! becomes

S 1

T2G
D 2; 1

T2 H ^CqW
4& S j

aD
2

2~^CqW
2&!2J , ~14!

implying that for (j2D /a)@1, 1/T2G;j/T. Then in light of
Eq. ~11!,

T1T

T2G
;j12z;const. ~15!

for z51.
It can be noted that Eqs.~11!, ~14!, and~15! are slightly

different from the ones in Ref. 6, wherex(qW ,v) was scaled
in the formx(qW ,v)5j2F(qj,v/ve). The difference is due
to the fact that, in terms ofx(qW ,v), our scaling relations are
equivalent to include the single-particle susceptibil
x0;1/T ~see note in Ref. 19!. Thus our derivation does no
imply the assumptionj(2pTs)51 used in Ref. 3.

FIG. 4. Gaussian component 1/T2G of the 63Cu NQR spin echo
decay rate as obtained from the dephasing time of the echo acc
ing to Eq. ~2! in the text, as a function of temperature forx50
~circles, representative points from Ref. 11!, x50.025 ~triangles!,
andx50.08 ~squares!. The solid, dashed, and dotted lines give t
behavior according to Eq.~13!, in the framework of the dilution
model, forx50, x50.025, andx50.08, respectively. In the inset i
shown how Eq.~2! is well obeyed, atT5560 ~triangles!, 640
~circles!, and 840 K~squares!, for x50.025. In view of the uncer-
tainty in the definition ofT2G for large doping~see text! the results
for x50.08 are shown only at the sake of comparison.
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55 3739SPIN DYNAMICS IN A TWO-DIMENSIONAL . . .
The scaling relations given in Eqs.~8a! and ~8b! should be
modified when the strength of quantum fluctuations becom
important.20 If scaling appropriate for the QC regime is use
namelyuSqW u25jh(qj),20 following the same procedure ou
lined above one would derive

S 1T1DQC;const, ~16a!

S 1

T2G
D
QC

2

;
1

T2H ^CqW
4&2S ^CqW

2&

j
D 2J . ~16b!

It can be observed that in the strong correlation lim
j2D@1, the ratioT1T/T2G , depending on the dynamical ex
ponentz, is still constant forz51, as in Eq.~15!. We would
like to remark that Eq.~16a! implies that the independence o
the relaxation rate on Sr doping and temperature observe
La22xSrxCuO4 ~Ref. 5! is an indication that charge dopin
drives La2CuO4 to the QC regime. This is at variance wit
the effect of Zn doping, as we are going to show in t
following.

C. Temperature dependence ofj2D :
Effect of Zn-induced disorder

Having related63Cu NQR T1 and T2G to the in-plane
correlation length, now we are going to analyze the tempe
ture dependence ofj2D(x,T) extracted from our data, by
discussing the role of the disorder due to Zn doping
La2Cu12xZnxO4.

In Fig. 5 the correlation length, derived from63Cu NQR
T1 for pure La2CuO4 following the procedure outlined in
Sec. III B @see Eq.~10!#, is reported. For comparison som
representative results from neutron scattering are shown
all the temperature range the results from the two techniq
are in good agreement, even quantitatively. The tempera
behavior ofj2D is rather close to the one theoretically pr
dicted for the RC regime, at least forT&900 K. One could

FIG. 5. In-plane magnetic correlation length as a function
temperature in the paramagnetic phase of pure La2CuO4, as ex-
tracted from63Cu NQR spin-lattice relaxation rate as explained
the text (d our data,s data from Ref. 11!. For comparison some
representative results from neutron scattering~Ref. 10! are also
shown (h).
s
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observe that the expression forj2D derived in Ref. 3 differs
from the one given in Eq.~1! and from the experimenta
values by a factor.1.6, which originates from the assump
tion j(2prs)51.3

The occurrence of a QC regime withj2D;1/T and 1/T1
nearly constant@see Eqs.~16!# is possibly observed only fo
T*900 K. This implies that in a large temperature ran
aboveTN La2CuO4 is in the RC regime and the strength
quantum fluctuations is small.

The overall consistency of the theoretical picture enco
ages one in using it in order to derivej2D(x,T) from the
63Cu NQRT1 in Zn-doped samples. At this purpose one h
to correct Eq.~10! in order to take into account that th
probability of having a Cu21 nearest neighbor is reduced b
a factor (12x). Then AqW5„A'22(12x)B@cos(qxa)
1cos(qyb)#…

2 and J(x)5J(0)(12x)2. Therefore, from Eq.
~5! one hasve(x)5ve(0)(12x)2, and in the high tempera
ture limit

T1~x!5
~12x!2~A'

214B2!

A'
214~12x!B2 T1~0!. ~17!

Thus in a description based on the simple dilution model o
should find 1/T1 increasing withx. Experimentally one finds
an opposite trend~see Fig. 3!. This is consistent with a de
crease in the correlation, already present atT.900 K, with
Zn doping.

The results forj2D(x,T) extracted from the experimenta
data in Fig. 2, according to Eq.~10! modified to take into
account Zn substitution, are reported in Fig. 6.

Another way to analyze the effect of Zn onj2D is to
consider thex dependence ofTN ~Fig. 1!. In fact, by includ-

f

FIG. 6. Temperature dependence of the correlation length
Zn-doped La2CuO4, as obtained from the experimental resu
shown in Fig. 3~b! on the basis of Eq.~10!, modified in order to
take into account the spin vacancy~see text!. The solid lines repre-
sent the behavior forj2D expected on the basis of the dilutio
model, as given by Eq.~20! in the text. The inset shows the ex
trapolation ofj2D as derived from Eq.~20! ~solid lines! and the
comparison with the values ofj2D(x,TN) as obtained from thex
dependence ofTN @Eq. ~18! in the text#.
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ing the substitutional effect on the interplane interact
J'(x) within the dilution model, the 3D ordering temper
ture for 2D-HAF can be written TN5J'(0) (1
2x)2j2(x,TN). Then from the data in Fig. 1 one can derive13

j~x,TN!5j~0,TN!
~123.2x!1/2

12x
. ~18!

To discuss our findings about the role of Zn in reduci
j2D , let us consider first the effect on the spin stiffne
rs5csw

2 x'(0). In the lowconcentration limit, for a square
lattice23

rs~x!5rs~0!@12~22x!x# ~19!

that according to Eq.~1!, for T!J, implies

j~x,T!5j~0,T!e$2x~22x!1.15J/T%. ~20!

In Fig. 6 the behavior expected on the basis of Eq.~20! is
compared to the data derived from63Cu NQR 1/T1. A satis-
factory agreement is observed.

Another possibility to take into account in discussing t
decrease of the relaxation rate upon Zn doping in principl
the crossover to the QC regime due to the decrease in
spin stiffness. As it has been discussed in Sec. III B, in p
La2CuO4 the crossover from RC to QC regime could occ
only atTc*900 K. From the data in Fig. 3, and in the ligh
of Eqs. ~16!, one can note that Zn doping could possib
push the system in the QC regime only aboveT.700 K, and
for x*0.11.

The reduction in 1/T1 observed at low temperatures, aga
in principle, could be associated to a spin gap opening
T!.5002600 K, similarly to the case of itineran
defects.24,25 Then one would expect a suppression of t
spectral weight for frequencies lower thancsw/j(T

!). This
does not seem the case in La2Cu12xZnxO4. In fact, as a
consequence of the spin-gap opening one would ex
T2G to become temperature independent, while we have
served a progressive increase of 1/T2G on cooling, with dis-
appearing of the echo signal. Furthermore, the even
quenching of the increase ofj2D(x) on cooling is not con-
sistent with the relatively high Ne´el temperaturesTN(x).
Anyway, if the spin-gap opening is associated to a qu
tum disordered regime25,20 it cannot take place in
La2Cu12xZnxO4, where quantum fluctuations do not appe
significant.

It is important to remark that the effect of Zn doping o
j2D deduced from our measurements is somewhat at varia
with the one observed on the relaxation rate upon cha
doping. In La1.96Sr0.04CuO4 a reduction by a factor 3 is in
duced in 1/T1 at T.450 K, while the same effect requires
Zn doping aroundx*0.11. The stronger effect of charg
doping could be attributed to the range of the perturbat
and to the itinerancy26 of the singlet in some respects equiv
lent to a spin vacancy. The counterpart of the sizable ef
tiveness onj2D of charge doping is the drop of the Ne´el
temperature. While for Zn doping one has a linear decre
of TN(x) ~Fig. 1!, with initial suppression rate
(1/TN)limx→0@dTN(x)/dx#.23.2, in La22xSrxCuO4 one
s
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has a nonlinear reduction ofTN , with a marked drop for
x.0.02. It is conceivable that the nature of the disorder
duced in the AF matrix by itinerant defects is different fro
the one due to localized defects. In the former case, for
stance, the charge correlations can induce the formatio
walls of itinerant holes which are pinned for particular do
ing levels27 and cause an enhancment of quantum fluct
tions which instead are negligible for Zn-doped La2CuO4.

IV. SUMMARIZING REMARKS AND CONCLUSIONS

The correlatedS51/2 Cu21 spin dynamics in the para
magnetic phase of the 2D-QHAF La2CuO4 and the effect of
Zn21 S50 for Cu21 substitution has been studied throug
63Cu NQR relaxation timesT1 andT2G . First the problem of
suitable relationships of the correlated spin dynamics w
the NQR quantities has been addressed. By using sca
arguments the relaxation rate 1/T1 has been related to th
spin fluctuation frequencyGAF at the antiferromagnetic wav
vectorqAF5(p/a,p/a) through the in-plane magnetic co
relation length j2D . GAF has been written GAF

52ve(j2D/a)
2z/A2p, with z the dynamical critical expo-

nent. The Gaussian part of the echo dephasing rate 1/T2G has
also been related to theq-integrated static generalized su
ceptibility and then toj2D . It has been shown that the abs
lute values and the temperature dependence of 1/T1 and
1/T2G are well described by the theoretical expressions
rived in the framework of the aforementioned approach.
particular, forT&900 K j2D(T) follows a temperature de
pendence of the form expected for a 2D-QHAF in the R
regime and consistency with recent neutron scattering da
La2CuO4 has been obtained.

On the basis of the established connections ofT1 and of
T2G to the correlation length, the63Cu NQR relaxation rates
have been used to study the effects onj2D(x,T) of Zn dop-
ing in the PA phase of La2Cu12xZnxO4. The results ob-
tained forx up to 11% have been interpreted in terms of t
reduction of the spin stiffnessrs5csw

2 x'(0). By including
the substitutional effects in the framework of convention
dilutionlike models, the expressionrs(x)5rs(0)@1
2x(22x)# for square lattices in the low concentration lim
has been shown to describe rather well the temperature
x dependences ofj2D . A similar conclusion is also obtaine
from the Zn dependence of the Ne´el temperatureTN(x) for
j2D(x,TN), having included the dilution model for the inte
plane interaction. Thus one is led to the conclusions that
T&700 K the Zn doping leaves the 2D-QHAF La2CuO4 in
the RC regime and that thex and T dependence ofj2D is
accounted for by a simple dilutionlike effects on the sp
stiffness, without a remarkable enhancement of quan
fluctuations, as it occurs instead for hole-doped La2CuO4.
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