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Spin dynamics in a two-dimensional disorderedS=; Heisenberg paramagnet
from %3Cu NQR relaxation in Zn-doped La,CuO,
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83Cu NQRT; andT, relaxation measurements in }@u, _,Zn,0O,, for 0<x=<0.11 and in the temperature
range Ty<T=<900 K, are presented. The results are used to derive insights into the urelated spin
dynamics in the paramagnetic phase of &ve3 two-dimensional2D) HeisenbergH) antiferromagnet§AF),
and into the disorder effects associated with the spin vacancy due?o @& 0) for Cu?* substitution. In
particular, by using scaling arguments for the static generalized susceptip{ifyd), and for thedecay rate,
I';, of the normal excitations], and T, are related to the in-plane correlation lengfp(x,T) and its
dependence on temperature and Zn dopings extracted. The experimental findings are analyzed in light of
the quantum critical and renormalized classical behaviorg fgpredicted by recent theories f8= 1/2 HAF
on square lattices. It is shown that upTe=-900 K, &, 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 affegis through the modification in the spin stiffness and
comparison with the disorder induced by itinerant extra holes is nj&04.63-18207)05806-7

I. INTRODUCTION At temperatures higher than aboyi 2600 K, instead of
going towards the classical limft>J, La,CuO, is expected
La,CuOQ,, besides being the parent of high temperatureo cross from the RC regime to the quantum criti¢@iC)
superconductors, can be considered as a prototype for tregime. In this phase, typical of 2D quantum systems, the
investigation of quantumS=1/2 magnetism in planar only energy scale is set by temperature so that the dynamical
Heisenberg antiferromagnet&8D-QHAF). Also in view of  critical exponentz is z=1 andé&p=aJ/T.
the efforts to clarify the mechanisms underlying high tem-  The comprehension of the experimental findings in the
perature superconductivity, L&UO, and related systems paramagnetic phase of L&UO, is still not well established.
have attracted a great deal of theoretical and experimentg,,, 63, NQRT, and T, measurements Imait al® con-
interest: From early neutron scattering studies exponen- e that the relaxation rate is in agreement with the theo-
tial temperature dependence of the_: magnetic CorrelatloPetical calculations based on the dynamical scaling for
length for T>Ty was observed and interpreted as the 2Dg_ 4 /5 2D-QHAF? These results were used to claim the

crltlcalt lzje?aw;)[r) tﬁwgrdsban ordetred St‘_"ll_theTé;P:O.tl.(’ ats spaccurence of the QC regifiéand furthermore to argfi¢hat
expected for eisenberg systems. Ine transition 10 g,q gisorder related to hole doping extends the QC regime to

:ig:foicegisgéfu?g\gg;m703;5;; bbyeLh:vg:):sassZ\éi:étlg d owegr temperatures. On the other hand, neutron scattering
X ' - 5 ata; combined with Monte Carlo simulations, in the best

the s_maII interplane exchange cou_phﬂlgz 107°J, whereas 2D-QHAF (namely SsCuO,Cl,) and more recently also

the iniraplane exchange mteraqtpn #=1500 K. Well in La,CuQ, showed no evidence of crossover from the RC

above Ty recent theories for critical phenomena in 2D- to the QC regime.

QHAF (Refs. 3 and fipredict that LaCuO, is in the renor- The early Cu NQR dafzhave been subsequently reexam-
malized classicalRC) regime, in which the spin wave stiff- ;4 by Matsumurat al!! which concluded that the devia-

hess constantps and the spin wave V_eloc'tWSW are tion of the relaxation rate from the prediction expected in the
renormalized by quantum fluctuations with respect to theRC regime was not associated to the crossover to the QC
correspondent mean field approximatidnrA) values. . regime. A detailed comparison of the data ffcu T, and
In the RC regime, |n_L§CuO4, one expectsfor the in- spin echo decay rate in L&uUO, with theoretical predic-
plane magnetic correlation length tions based on quantum Monte Carlo and maximum entropy
analytic continuation, has recently been givémgain rais-
ing doubts on the existence of a temperature regime where
) QC scaling expressions can be applied.
In this paper we reporf3Cu NQR relaxation measure-
Tﬂ ments carried out in LgCuO, doped with Zn, aiming at
3] |
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=0 49$e1.15J/T
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(1)  investigating the effect of the disorder associated to the
Zn?t S=0 for Cu?* S=1/2 substitution oné,p. The
53Cu NQR relaxation is driven by the correlated spin dynam-

wherea is the lattice unit and where the spin stiffness hasics of the Cf* magnetic moments and the spin-lattice re-

been writtenp,=1.15)/27, while cg,=1.18y2Jkga/%. laxation rate 2V=1/T, and the spin echo decay ratel 1
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can be directly related tg,p on the basis of scaling argu-

ments. It is first shown that the NQR quantities in pure Ot

La,CuQ,, in the temperature range 450 <900 K, quanti- on

tatively follow the behavior expected for the RC regime with ~ %% ®

a dynamical scaling exponent 1. Thusé,p is extracted in % 06 o ".g

close form with minor use of adjustable paramet@nsly a = ¢ =

numerical factor of the order of unity is introduced in order X 04 LS

to take into account quantum corrections to the amplitude of | = .

spin fluctuations The data are in good agreement with the 0o M LR

findings from neutron scatterid.Then, having established .(1? :;‘;’)';T (/)= 3.2

a reliable connection between Cu NQR relaxation rates and 0.0 L _ : .
&p, the data in the doped system JGu, ,Zn,0O, for 060 005 010 015 020 025
x=0.025,0.08, and 0.11 are used to derésg(x,T). An X

analogous derivation, of less quantitative value, can be ob-
tained by analyzing th& dependence of the detempera-
ture Ty(x) in La,Cu,_,2Zn,0,, as already discussed in a
previous work® based on'*®_a NQR anduSR in the AF
phases. The effect of Zn ofyp turns out to be rather well
justified from the changes on the spin stiffness expected from . i

the dilution of the magnetic spins. No evidence of a dramati@mpoules. Since Pyrex becomes porous at high temperatures,

increase in quantum fluctuations or of a crossover to thdh€ ampoule was kept in Natmosphere.
quantum disordered regime is found. The transition temperatures from the AF to the PA phases

The paper is organized as follows. In Sec. Il informationh@ve been monitored through thé®La NQR spectra and
on experimental aspects, some basic equations, and the d%om the extrapolation to zero of the zero-figkSR preces-
perimental results are presented. In Sec. Ill fieu NQR  sional frequenciegsee Ref. 13 for details The Neel tem-
relaxation rates are related to the Tuspin dynamics. First Perature for the pure LAUO, turned outTy(0)=315+2
the classical limiting conditionT>J) is considered, point- K. Thex dependence of is reported in Fig. 1. It is noted
ing out that even at the highest temperatures the correspoflat Ty is slightly affected by Zn doping and the absolute
dent theoretical expressions foif}/and 1T, can hardly be ~ Values of Ty(x) are the highest reported in literatufsee
used. The regime of strong 2D correlation is then discussefef- 13 and references thergiThis demonstrates that the
and the appropriate relationships fésy are worked out. 0Xygen stoichiometry is close to the ideal one. The tempera-
Then &,5(x,T) is derived and discussed in terms of Zn- ture control in the meqsurements presented in the fo_llowmg
induced modifications on the spin wave stiffness. Compari¥as such that for the highest temperature the uncertainty was
son with the case of hole doping is discussed, also in view okept within =1 K during the full time of the measurep to
the much stronger suppression of the spectral weight of th6—8 h for a full recovery plot in NQR*Cu spin-lattice re-

spin excitations at low frequencies in $@u0, doped with Iaxatior%.s . _ _
itinerant holes. Finally in Sec. IV summarizing remarks and The °"Cu relaxation rates have been obtained with stan-

conclusions are given. dard pulse technique$,; was deduced from the recovery of
the echo amplitude after a sequence of saturating pulses
yielding equalization in the populations of the1/2 and
+3/2 ©Cu NQR levels. For the samples at large doping
(x=0.08) the NQR lines are very broddee Fig. 2a)] and

The powders of LaCu;_,Zn,0, and the pure some evidence of a small contribution from spectral diffu-
La,CuQ, used as reference have been prepared by Licci ansion was detected at short times of the recovery. In these
Raffo (MASPEC, Parma, Italy (Ref. 13 by conventional cases only the exponential part of the recoverft)
solid state reactions in air, starting from @3, CuO, and =exp{—6Wt was used to extract the relaxation rate
ZnO (purity >99.99%. The pellets have been annealed for 1/T,=2W. It can be noticed that thé*Cu NQR line in
24-48 h at 1050 °C. The treatment was repeated three aloped samples is asymmetric and a component, more evident
four times at temperatures around 1050 °C with intermediatéor x=0.025, appears aroung,=32.4 MHz[see Fig. 2a)].
room temperature grinding and check of the x-ray diffractionThis shoulder might be due to the nuclei which are nearest
pattern. No evidence of spurious phases or of segregatiomeighbors to Zn impuritiesT; measurements carried out by
was obtained by this technique. Thus the doping amaunt irradiating at the frequency of the shoulder showed nonex-
was simply estimated from the stoichiometric ratios of theponential recovery at short times and a slightly longer
starting compounds. In order to fully oxydize the products,consistent with the aforementioned hypothesis. The relax-
annealing in oxygen at 480-500°C was first performed foration measurements that we are going to report refer to irra-
150-200 h. For the NQR experiments the samples have beealation of the center of the line and therefore to nuclei which
ground again and the excess oxygen, which is known t@re not nearest neighbofiN) to the Zn impurities. In Fig.
modify the magnetic properties, has been removed eithe2(b) a typical recovery plot up to the second decade is
with zirconia getters or by annealing in,Natmosphere at shown. As in most systems with disorder, some deviations
700°C for 24 h. To prevent further oxygen exchange duringrom the exponential behavior are present at long times. The
the measurements the powders have been sealed in Pyrdgviations in the second decade are likely to be related to the

FIG. 1. Nel temperaturesTy(x) in the samples of
La,Cu;_,Zn,0, used in the present work, as obtained from
139 a NQR spectra angt SR precessional frequencies. ket 0 we
found Ty=315+2 K.

II. EXPERIMENTALS AND EXPERIMENTAL RESULTS
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FIG. 2. (a) Typical 3Cu NQR spectra in LgCu,_,Zn,O,. In the pure sample the line was obtained through direct Fourier transforma-
tion of half of the echo signal. For# 0 the spectra were reconstructed by sweeping the irradiation frequgnclourier transforming half
of the echo signal and reporting the amplitude read;at (b) A typical recovery law for the amplitude of the echo signal after saturation
is shown, for the sample witk=0.08 (T=600 K) and for the sample witlk=0.11 (T=680 K). For x=0.08, from the fit of the points in
the first decade one derive®\2=3.1+0.07 ms !, while by fitting the data in the two decades one h&¥=23.19+0.09 ms . For the
x=0.11 sample the fitting of the data over two decades giWs=2.21+0.06 ms ..

Cu nuclei nearest neighbors of Zn impurities which haveabsolute values of,; was observed on reducing the RF
longerT,’s. However, they little affect the evaluation of the power. However, fox=0.08 the NQR line is dominated by
relaxation rate for the nuclei in the bulk of the sample, ashe inhomogeneous broadening due to disordering and thus
pointed out in the caption to Fig.(). One could observe the meaning of I, derivation is doubtful, although the
that the deviations from the exponential behavior occuring inGaussian behavior was always well verified.
the second decade in L&u,; _,Zn,0, are less marked than
the ones in Zn-doped YB&uz0,_ 5.'* This difference is
most likely due to the fact that th&Cu nuclei nearest neigh-
bour to zn in LaCu;_,Zn,0, has a resonance sizably
shifted from the one for the nuclei in the bulk. In this section we relate th&Cu NQR spin-lattice relax-
The Gaussian part of the spin echo decay was obtainegtion rate and the echo dephasing time to the correlated
from the plot of the echo amplitude(27) as a function of Cu?* spin dynamics and to the in-plane correlation length

Ill. RELAXATION RATES, SPIN DYNAMICS,
AND CORRELATION LENGTH

the delayr between the two rf pulses. The behavtor &,p. For convenience we first consider the limit of infinite
) temperature. In the regime of strong correlation, namely for
h(27)= h(o)e{*5-6‘ZT/Tl}e{*(ZﬂZ/ZTzG} (2)  T<J, we use scaling arguments to derive the relationships of

N T, and of T,g to &,p. Then the theoretical expressions for
was found to be very well verified andThis was thus ex- ¢ - suggested by recent theories for 2D-QHAF are consid-
tracted(Fig. 4). One can observe that the slight modification, ered and the role of the disorder due to Zn doping is ad-
upon Zn doping, expected in the anisotropy ratio of the hyressed.
perfine Hamiltoniansee Sec. Ill A modifies the numerical
factor in the Lorentzian part of EqR2) only by a few percent,
for the maximum amount of doping. In the following we will
neglect this correction. The length of the pulses maximizing In the high temperature limit the correlation among the
the echo signal was noticed to change slightly according t€u?* spins can be neglected. We will consider the magnetic
the width of the NQR line, in qualitative agreement with the relaxation process of3Cu as driven by the interaction with
calculations by Mar?® It should be remarked that a correct the on-site C&* spin and with the four nearest neighbor
evaluation ofT,g is possible only when the line is narrow (NN) ones. For the electron-nucleus Hamiltonian we refer to
enough so that a complete irradiation by the RF pulse ishe well-established Mila-Rice fort{. Thus the field at the
achieved. This is the case for pure JGuO, or for moder-  clear siteh is written
ately Zn-doped compounds. The strength of the RF field was
estimated around 100 G. With a typical pulse length of 4
=3us the %Cu NQR line was fully irradiated only for rela- h=A%+> BS 3)
tively narrow lines, i.e.x<0.025. No modification in the i=1 '

A. Infinite temperature approximation
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Then from the expression

1240
1 ),2 +o0 . 1°© a)
——=2W=——J (h,(0)h_(t))e "*aldt (4) 101
T, 2 ) _« = gl
by considering the correlation function for the transverse g 6
> A J
(i.e., in theab plane components of the spin operat@®sn ~ 4]
the usual Gaussian forfiwith an effective correlation time S \/
related to the inverse of the correctddeisenberg exchange 27
frequencyw,., where O-——T——T—T T
400 500 600 700 800 900 1000 2000
. 23%k2z9S+1)\ [1-2A,B\ |*2 ® T (K)
e 3%2 AZ +4B2 8] x
71, A b)
with z the number of NN spins and where the correction 6]
pertinent to the transferred hyperfine interactidim the NN = 51 A
spin correlation function has been taken into account, one ‘o Chmm .
. g 445 Bga
derives = 1 @ -
el gaapna
/ t 2 >-§-'H’V'-’Q'5—g<,;::;
L) L a2 s ap2) V2T 6 T
T—lw—2Y(L )we- (6) oi. | | | |
In the above equation one can Wsg=80 kG andB=83 kG 500 600 700 800 900
(corresponding to 40 kOgg and 41.5 kOekg, respec- T(K)
tively). Then from Eq(5) one estimates the high temperature , , ,
limit of the relaxation rate: (I)..= 4.4 10° s 1. This FIG. 3. (@) ®*Cu NQR relaxation rates in the paramagnetic phase

value is about twice that of the experimental result at®’ -22CUOs (O representative points from Ref. 18, data from
T=900 K. where IT-=2.6x10°s . The difference is this work. The solid line gives the theoretical form foM2 as
likely to réflect the C(;rrelé\tion effecis in the spin fluctua- obtained from Eq(10) in the text by means of a numerical integra-

. S . . tion and in the assumption df,o(T) described by Eq(1). The
tions, as is discussed in the following subsectisee the increase of 17, for T=1800 K is due to the fact that whei=1

caption in Fig. 8a)]. the A4 form factor enhances the contribution to the relaxation rate
. . related to the long wavelength excitations for whidh takes the
B. Regime of strong 2D correlation maximum valueA;= (A, +4B)?, which instead is filtered out for

For T<J, with &, at least of the order of some lattice £>1- () “Cu NQR relaxation rates in L&u;_,Zn,0, for

units, the C&* spin fluctuations become correlated. From*=0:025 (&), x=0.08 (J) andx=0.11 (¢ ). The dashed, dotted,
Eq. (3), by introducing in Eq(4) the collective spin compo- and dot-dashed lines show the respective behavior expected accord-

nents and their decay ratg; (with I'>wq) one obtains Ing to the dilution model.

1 421 ) z depends on the properties of the spin dynamics. In(&a).
T—l=7ﬁ2 (2] Sgl*/Tg) € is a constant of order of unity which accounts for the
a reduction of the amplitude of spin fluctuations due to quan-
><{AL—ZB[co:{qxa)+cos(qyb)]}~2 (7)  tum effects. Moreover, in Eq8b) a proper match has been

achieved with the Heisenberg exchange frequangyvhich
describes the uncorrelated spin fluctuations in the limit of
infinite temperature. For the scaling functiodnandg in Eqgs.

where the 2D wave vectay starts fromqae=(7/a,w/a).
By resorting to conventional scaling arguméftsne can

write (8) we will assume the simple MFA forms
S(S+1)[£\2 7
|S§17 =155, *f(a8) =e—3 § f(qé), (sa 8
. f(Q§)=qz§T1:9(Q§)fl, 9)
F4=T4, 0(a8)=(2we/\2m)| =] g(qé), (8 . _ -
a where 18=(&%/472) fdo/(1+q%&?) is a normalization fac-

2= eNS(S+1)/3.

where é=¢,5, 7 is expected to be negligiblpp=0.028  tor which preserves the sum rul;|Sg
(Ref. 20], a=x,y,z, while the dynamical scaling exponent Then from Eqs(7) and(8) one has

z+2 Bz\/ﬁ

We

1 ,S(S+1)
Bl Sl

T, 3

¢

a

a2
472

_ 2
f di {A. —2B[cogg,a) +cogqyb) ]} _ (10
Bz

(1+9%¢%)*
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In order to test quantitatively the validity of the assumptions 100

underlying the derivation of Eq10) we performed an esti- ~ 1

mate of the theoretical expression for the relaxation rate by god g

means of a numerical integration over the Brillouin zone % o, 0.1

(BZ) and by using for the temperature dependencé tife T eod g

form in Eq. (1), with the valuez=1 for the dynamical scal- ﬁ o\ g

ing exponent and=1588 K1° The result of this evaluation © 40 g 0.01% 5000 10000
for 1/T, is reported in Fig. 3solid line). One notes that for - R W (20)° (us))
€=0.3 (which is of the correct order of magnitutiethe T o0l

agreement with the experimental results is good either for the
absolute value as well as for the temperature dependence. o

A simple analytical form which emphasizes the connec- 50 600 700 800 900 1000
tion of 1/T, to &,p can be obtained if an averagever the T (K)
BZ) form factor
FIG. 4. Gaussian componeniT{ of the 83Cu NQR spin echo
decay rate as obtained from the dephasing time of the echo accord-
(Ag)=({A.—2B[cogq,a) +cogqyb)]}?)g,= A +4B? ing to Eq. (2) in the text, as a function of temperature for0
(circles, representative points from Ref.)1%=0.025 (triangles,
andx=0.08 (squares The solid, dashed, and dotted lines give the
is taken out from the integration in E€LO). Then the relax- behavior according to Eql13), in the framework of the dilution
ation rate can be written model, forx=0, x=0.025, andk=0.08, respectively. In the inset is
shown how Eq.(2) is well obeyed, atT=560 (triangles, 640
(circles, and 840 K(squarey for x=0.025. In view of the uncer-
z tainty in the definition ofT ,g for large doping(see texk the results

Ti_), eS(z+ Dy [I ( 775 ]2\ q) f for x=0.08 are shown only at the sake of comparison.
1 we |IN(Q
4.2X10° g z an 1\% 0.6%2y 4(63(s+1) 5 o £
~ [In(gmé) 7 Toe)  A(kgT)? 3 a
c?
> q
whereq,,=2/m/a, the integration having been carried out Xl mequ(1+q2§2)2
over a circle centered arourg\r. To give an idea, the as-
sumptions leading to Eql1), for instance, aff=1000 K, a2 N Cé 2
imply a relaxation rate T,=2.2<10° s~ ! instead of the - mJ' qu—ngz (13
value 1T;=2.6x10°s ' numerically obtained from Eq. BZ

(10) [see solid line in Eq(2)]. One can remark that the other
two assumptions for the form factdy;, namelyAf+4B2
(totally uncorrelated fluctuationsor (A, —4B)? (for com-
plete AF correlation are expected to hold only for
I;)#ggcioKFg. f;i(i)rlzjj]r’nﬁ;?jcsxﬁ:)yégieﬁ??rl?fylrp])r:)h-e If an average form factor is taken out of the integral as for
portional toé,p, non-negligible corrections, associated to theT1 [see Bq(11)] then Eq.(13) becomes
g dependence of the form factor, have to be taken into ac- 112 1
count in order to extract quantitative values&pf, . _) _ _2{ (C‘E>

As regards the Gaussian component of the spin echo de- Tog) T a
cay rate, it has been shown that the dominant contribution
arises from the indirect nuclear spin-spin couplftigthen  implying that for (€xp/a)>1, 1Ty~ ¢/T. Then in light of

By using for &5p the form given in Eq(1) and adding the
second moment from the direct spin-spin coupling
[(1/T,6)5,=(4.5x10%)2 s~2 (Ref. 23], again a reasonable
agreement with the experimental results is folRid). 4).

62
a

—(<CE>>2], (14)

one can writé Eq. (1),
2 LT & 2~const (15)
1|?_069 , N T._~¢& “~const
(TZ) e [ N Cax' (.0 26
for z=1.
lE 2 o \? It can be noted that Eq$11), (14), and(15) are slightly
N 3 Cax'(a.0) (12) " gifferent from the ones in Ref. 6, whegdq,w) was scaled

in the form x(q,w) = £€?F(qé,w/ we). The difference is due

to the fact that, in terms of(q, ), our scaling relations are
whereCz=A,—2B[ cos@,a)+cos@,b)] (Aj=—332kG.By  equivalent to include the single-particle susceptibility
using the same scaling arguments outlinedTgrand since  y,~ 1/T (see note in Ref. 9 Thus our derivation does not
|S§|2:kBTX““(ﬁ,O), one has imply the assumptio(27Ty)=1 used in Ref. 3.
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FIG. 5. In-plane magnetic correlation length as a function of 1000/T (K'1)

temperature in the paramagnetic phase of pureCLeD,, as ex-

tracted from®*Cu NQR spin-lattice relaxation rate as explained in  FIG. 6. Temperature dependence of the correlation length in

the text @ our data,O data from Ref. 1)L For comparison some zn-doped LaCuQ,, as obtained from the experimental results

representative results from neutron scatteriRgf. 10 are also  shown in Fig. 3b) on the basis of Eq(10), modified in order to

shown (). take into account the spin vacanee text The solid lines repre-
sent the behavior fo&,, expected on the basis of the dilution

The scaling relations given in Eq&8a) and (8b) should be  model, as given by Eq20) in the text. The inset shows the ex-

modified when the strength of quantum fluctuations becometapolation ofé, as derived from Eq(20) (solid lines and the

important?® If scaling appropriate for the QC regime is used, Comparison with the values @hp(x,Ty) as obtained from the

namely|S;|%= £h(q€),% following the same procedure out- dependence ofy [Eq. (18) in the tex].

lined above one would derive

observe that the expression & derived in Ref. 3 differs
1 from the one given in Eq(1) and from the experimental
(T_l) ~const, (163 yalues by a factor=1.6, which originates from the assump-
Qc tion £(2mpg) =13
5 2 2 The occurrence of a QC regime withp~1/T and 1T,
1 1 a <Cq> nearly constanfsee Eqs(16)] is possibly observed only for
7o) 72| (Ca e )| (16D 12900 K. This implies that in a large temperature range
aboveTy La,CuQ, is in the RC regime and the strength of
antum fluctuations is small.
The overall consistency of the theoretical picture encour-
ages one in using it in order to derivep(x,T) from the

2G QC

It can be observed that in the strong correlation Iimit,qu
é-,p>1, the ratioT,T/T,g, depending on the dynamical ex-

ponentz, is still constant foz=1, as in Eq(15). We would 630 ; '
, S : u NQRT, in Zn-doped samples. At this purpose one has
like to remark that Eq(16a implies that the independence of 10 correct Eq.(10) in order to take into account that the

the relaxation rate on Sr doping and temperature observed In . ; 1 ) )
La,_,Sr,CuO; (Ref. § is an indication that charge doping probability of having a Cé* nearest neighbor is reduced by

: . o . .o a factor (1-x). Then Ag=(A, —2(1—x)B[cos(,a)
drives La,Cu0Q, to theT QC regime. This is at varlance_wnh +cos@b)])? and J(x) =J(0)(1—x)2. Therefore, from Eq.
the effect of Zn doping, as we are going to show in the 5 yh — oO)(1—x)2. and in the high
following. E )olr_1e 'ta&UE(X)_we( )(1—x)<, and in the high tempera-

ure limi

C. Temperature dependence 0E,p:
Effect of Zn-induced disorder (1— X)Z(Af +4B?)

=741 w82

Having related®Cu NQR T, and T,g to the in-plane T1(0). 17

correlation length, now we are going to analyze the tempera-

ture dependence of,p(x,T) extracted from our data, by

discussing the role of the disorder due to Zn doping inThus in a description based on the simple dilution model one

La,Cu;_,Zn,0,. should find 1T, increasing withx. Experimentally one finds
In Fig. 5 the correlation length, derived frofiiCu NQR  an opposite trendsee Fig. 3 This is consistent with a de-

T, for pure La,CuQ, following the procedure outlined in crease in the correlation, already presenT&900 K, with

Sec. Il B[see Eq.(10)], is reported. For comparison some Zn doping.

representative results from neutron scattering are shown. In The results foré,p(Xx,T) extracted from the experimental

all the temperature range the results from the two techniquedata in Fig. 2, according to Eq10) modified to take into

are in good agreement, even quantitatively. The temperatur@ccount Zn substitution, are reported in Fig. 6.

behavior ofé,p is rather close to the one theoretically pre- Another way to analyze the effect of Zn dfyp is to

dicted for the RC regime, at least fdr<900 K. One could consider thex dependence ofy (Fig. 1. In fact, by includ-
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ing the substitutional effect on the interplane interactionhas a nonlinear reduction afy, with a marked drop for
J, (x) within the dilution model, the 3D ordering tempera- x=0.02. It is conceivable that the nature of the disorder in-
ture for 2D-HAF can be written Ty=J,(0) (1 duced in the AF matrix by itinerant defects is different from
—x)2£2(x,Ty). Then from the data in Fig. 1 one can deffe the one due to localized defects. In the former case, for in-
stance, the charge correlations can induce the formation of
(1-3.2)%2 walls of itinerant holes which are pinned for particular dop-
§(XvTN):§(0vTN)T- (18) ing level¢’ and cause an enhancment of quantum fluctua-
tions which instead are negligible for Zn-doped,CaO,.

To discuss our findings about the role of Zn in reducing V- SUMMARIZING REMARKS AND CONCLUSIONS

§op, let us consider first the effect on the spin stiffness e correlateds=1/2 C2* spin dynamics in the para-
Ps= cg\gxl(O). In the low concentration limit, for a square magnetic phase of the 2D-QHAF L&UO, and the effect of
lattice? Zn®* S=0 for Cu?* substitution has been studied through
83Cu NQR relaxation time¥; andT,g . First the problem of
suitable relationships of the correlated spin dynamics with

ps(X)=ps(0)[1=(2=X)x] 19 the NOR quantities has been addressed. By using scaling
that according to Eq(1), for T<<J, implies arguments the relaxation rateT1/has been related to the
spin fluctuation frequencl/ 5¢ at the antiferromagnetic wave
£(x,T)=&(0,T)el (2 119/T}, (200 vectorgar=(m/a,w/a) through the in-plane magnetic cor-

relation length &,p5. T'ae has been written I'ze

In Fig. 6 the behavior expected on the basis of ) is = 204(£,0/a) Y2, with z the dynamical critical expo-

compared to the dqta derived froffCu NQR 17;. A satis- nent. The Gaussian part of the echo dephasing rdtg; Has
factory agreement is observed.

Another possibility to take into account in discussing theals‘0 been related to thg-integrated static generalized sus-

decrease of the relaxation rate upon Zn doping in principle ilfept'b'“ty and then 1e,p. It has been shown that the abso-

the crossover to the QC regime due to the decrease in t ;I? values "’}Ing the_bte(rjnger?gurfh dep::‘_nd?nce of _hlnd q
spin stiffness. As it has been discussed in Sec. Il B, in pure- ' 26 8¢ Well describeéd by the theoretical expressions de-

La.CuO, the crossover from RC to OC regime could occur”veq in the framework of the aforementioned approach. In
onlzy atth9OO K. From the data in Icgig. 3:qand in the light particular, forT=900 K £,5(T) follows a temperature de-
of Eqgs. (16), one can note that Zn doping could possibly pendence of the form expected for a 2D-QHAF in the RC

: : regime and consistency with recent neutron scattering data in
Eoissl%elslystem in the QC regime only abdwe700 K, and La,CuO, has been obtained.

Lo . On the basis of the established connection3 paind of
The reduction in 17, observed at low temperatures, agam_{ZG to the correlation length, th&*Cu NQR relaxation rates

in principle, could be associated to a spin gap opening
T*=500-600 K, similarly to the case of itinerant a_have been used to study the effectsgap(x, T) of Zn dop-

defect*? Then one would expect a suppression of the"d I the PA phase of LgCu,_,Zn,0,. The results ob-
spectral weight for frequencies lower thag,/&(T*). This tained.forx up to 11.% hgve been igterpreted in_termg of the
does not seem the case in AGu, Zn,O,. In fact, as a reduction of the spin stiffnesss=cg,x, (0). By including
consequence of the spin-gap opening one would expeépe substitutional effects in the framework of conventional
T, to become temperature independent, while we have ogdilutionlike models, the —expressionps(x)=ps(0)[1

served a progressive increase of 4/ on cooling, with dis- —X(2—x)] for square Iattipes in the low concentration limit
appearing of the echo signal. Furthermore, the eventudl@s been shown to describe rather well the temperature and

quenching of the increase @hp(x) on cooling is not con- X dependences af,p. A similar conclusion is also obtained
sistent with the relatively high N# temperaturesTy(x).  [foM the Zn dependence of the &ldemperaturely(x) for

Anyway, if the spin-gap opening is associated to a quan§2D(X'TN)' having included the dilution model for the inter-
tum disordered regin®?® it cannot take place in plane interaction. Thus one is led to the conclusions that for

La,Cu,_,Zn,0,, where quantum fluctuations do not appear | = /90 K the Zn doping leaves the 2D-QHAF 4@u0, in
significant. the RC regime and that the and T dependence &,y is

It is important to remark that the effect of Zn doping on accounted for by a simple dilutionlike effects on the spin

&, deduced from our measurements is somewhat at variancii €SS, without a remarkable enhancement of guantum
with the one observed on the relaxation rate upon chargluctuations, as it occurs instead for hole-dopegCaO,.
doping. In La, g¢Srg.0ACUO, a reduction by a factor 3 is in-

duced in 1T, at T=450 K, while the same effect requires a ACKNOWLEDGMENTS
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