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Spin dynamics in La2 — Sr„Cu04 (0.02 ~ x ~ 0.08) from I39La NQR relaxation:
Fluctuations in a finite-length-scale system
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La NQR spin-lattice relaxation rates (NSLR) versus temperature are presented for
La2 —Sr„Cu04 with x =0.02-0.08. The NSLR below -2Ttv(x) shows a power-law critical behavior
while above -2Ttv(x) it follows an exponential law with a small x-dependent spin-stiffness constant,
where Ttv(x) is the magnetic ordering temperature. It is argued that the NSLR arises from fluctua-

tions of the staggered magnetization in locally ordered mesoscopic domains. We infer that the mag-

netically ordered state is not a conventional spin glass, as is often assUmed.

The Cu + spin dynamics in the Cu02 planes of
La2, Sr,Cu04 mixed oxides has attracted a great deal of
attention both because of the interest in two-dimensional
(2D) model Heisenberg antiferromagnets (AF) and be-
cause of the possible connections of magnetic fluctuations
with high-T, superconductivity. The undoped parent
compound La2Cu04 shows three-dimensional (3D) long-
range AF order below Ttv-300 K. Upon doping, TN is
depressed rapidly with increasing x for 0 ~ x ~ 0.02 and
for x )0.02 a magnetically ordered phase still appears at
low temperatures. It has been argued that the latter mag-
netically ordered phase should be viewed as a disordered
antiferromagnetic state as indicated by the presence of an
internal magnetic field at the La site due to the ordered
Cu moments' and a small anomaly in the specific heat.
The results of other experiments such as muon-spin-
resonance3 and muon-spin-relaxation (ItSR) rate and
quasielastic neutron scattering have been found to resem-
ble those of conventional spin glasses.

In addition, ' La NQR relaxation rate (NSLR) mea-
surements in La2, Sr„Cu04 with x=0.01, 0.025, and
0.05 indicated an enhancement of the NSLR as T ap-
proaches the magnetic ordering temperature Ttv ~ 10 K.
The results were interpreted within the framework of dy-
namic scaling in terms of a slowing down of AF fluctua-
tions due to the increase of the correlation length g with
decreasing T resulting from localization of the mobile
holes. However, recent inelastic neutron scattering results
for x =0.04 fail to show localization effects and the conse-
quent enhancement of the in-plane correlation length.
Rather, the neutron data are well described by a relation
tc(x, T) = tc(x,0)+«(0, T) for the inverse correlation
length, which implies a temperature-independent static
spin-spin correlation length well below room temperature.

In this paper, we report complementary higher pre-
cision ' La NQR NSLR data for carefully prepared
samples, as a function of x and T in the intermediate dop-

ing regime of La2,Sr„Cu04 (0.02 ~ x ~ 0.08), together
with an interpretation of these data which is consistent
with the inelastic neutron scattering measurements. %e
argue that the NQR measurements probe the fluctuations
among locally ordered mesoscopic domains and that the
low-temperature ordered phase results from cooperative
freezing of the staggered moments in the different
domains. We infer that Lap, Sr,Cu04 (0.02 ~ x
~ 0.08) is not a conventional spin glass as often assumed.
Our results have important implications for the interpre-
tation of a variety of other measurements of the magnetic
properties of this system.

A series of powder samples of La2, Sr,Cu04 with
composition from x 0.02 to x 0.08 was prepared using
conventional ceramic techniques. The ' La (I 7/2)
NQR transition 5/2 7/2 was used to monitor the growth
of magnetization towards its equilibrium value following a
saturating radio frequency pulse sequence. The dominant
relaxation mechanism for T( 100 K is due to fluctuations
of the hyperfine field generated at the '39La nucleus by
the Cu + spins. The magnetic relaxation transition
probability W can be extracted from the multiexponential
recovery of the echo amplitude. For a saturating sequence
much shorter than W ', one can get the effective spin-
lattice relaxation rate R ~

23$'.
The experimental results for R~ vs T are sho~n in Fig.

1. The critical enhancement of R ~ near the ordering tem-
perature TN is accompanied by a divergence of the spin-
spin relaxation rate and a consequent minimum in the
echo signal intensity at TN. The TN values obtained from
the minima in signal intensity are 10 K for x =0.02, 7.4 K
for x 0.03, and 5.2 K for x=0.04, in good agreement
with previous measurements. In Fig. 2(a) it is
shown that the temperature dependence of R~ can be
scaled, for all values of x and for TN(x) ~ T ~ 2Ttv(x),
to a power-law dependence Rt txe "=f[T—TN(x)]/
Ttv(x)II "with n =2.0+'0.13. As shown in Fig. 2(b), the
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FIG. 1. The effective ' La spin-lattice relaxation rate R~ vs

temperature for samples of La2- Sr„Cu040 with different x.
The peak in the relaxation rate corresponds to the magnetic or-
dering temperature Tz(x). The curves are guides to the eye.
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temperature dependence of Ri above 2Ttv(x) can be
fitted to an exponential behavior Ri =c(x)exp[2J'(x)/
with c(x) and 2J'(x) given as a function of Sr doping x in
Figs. 3(a) and 3(b), respectively. The previous ' a
NQR data were not precise enough to resolve the
different temperature dependences of Ri in the two tem-
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FIG. 3. Dependence on concentration x (a) of the constant
c(x) and (b) of the effective spin-stiffness constant 2J'(x) from
the fits of the expression Ri c(x)exp(2J'(x)/T) to the data as
shown in Fig. 2(b).
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where Cg is a constant of the order of unity, p, is the spin-
stiffness constant, and the AF exchange interaction be-
tween adjacent Cu spins is assumed to be of the form
H; =2JS; S (2trp, =2J & 0). Due to the lack of inver-V i J ps

+ s ins ' La nucleision symmetry with respect to Cu sp'

coupe ra er e1 ther effectively to AF fiuctuations of these spins,
d b themainly through dipolar terms. This is confirme y e

measured hyperfine field, h,a=1 kG, at the La site in
the AF ordered phase.

For spin fluctuations faster than the quadrupole reso-
nance frequency mg, the relaxation transition probability
is

Is, I'
2W=

p y„(h+(0)h (t))dt =y„—(h,s)2+

(2)
where h(t) is the hyperfine field at the ' La nucleus, iso-
tropic fluctuations of the spin components Sq are as-

d d I is the decay rate of the collective spin fluc-
ll Thetuations which are assumed to decay exponentia y. e

far right-hand side of Eq. (2) is appropriate to describe
critical effects dominated by the slowing down of a critica
mode which couples to the nucleus considered. In t is
case, by using static and dynamic scaling arguments, "

't
IS& I

=g "f(qg) and I
&
=I,g (qg), where

rt is a critical exponent, g is in units of the lattice constant
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FIG. 2. (a) log-log plot of the 'i9La spin-lattice relaxation
rate Ri above T~ from Fig. 1 vs e= [T Tjy(x)]/Tn(x—), f—or

TIv 5.2 K (0). The straight line corresponds to the common
critical be aviorb h R ~t. 2. (b) Semilogarithmic plot of Ri vs

inverse temperature 100/T for Lap —«Sr«Cu04 samples wit

Ri =c(x)exp[2J'(x)/T] to the data above —2T~(x) The.
departure of the experimental data from the fitting curves both
in (a) and (b) occurs at the temperature of crossover between
the exponential and the power-law behavior.
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R i 23&=11.5y„„(h~ (0)h —(t ))dt

= 11.5 y„(h„)'/rD, (4)

where (h,s) is the mean-square local hyperfine field and
I D is a characteristic frequency describing the relaxation
of the staggered magnetization fluctuations within the
domains. In writing Eq. (4), we assume that the hyperfine
field h,g is practically independent of L since it depends
only on the first few Cu + nearest neighbors of a given
'3 La nucleus. Furthermore, we assume I v

=I o (which
implies that the local correlation time is dominated by the
fluctuations of the staggered moment as a whole) and set
the local mean-square normalized fluctuating moment

a, and f(qg), g(qg) are homogeneous functions. By
transforming the q summation into an integral (g~

fq 'dq) and taking into account the convergence of
ff(x)/g(x)dx to a number of the order of unity, one gets

Ri 23W-11.5(y„h,a) ( "/I,

=11.5(y„h,&) 'g'-~/m, .

Equation (3) should be valid for d =2 and in the presence
of critical slowing down described by the dynamical scal-
ing relation I, to, g ', where z is a critical exponent.
The coupling frequency t0, [8nJ S(S+I)/36 ]' cor-
responds to the value of I, in the infinite temperature lim-
it when no correlations are present. Here, n=4 is the
number of nearest-neighbor magnetic ions.

In SrzCu02C12, which contains layers of Cu + spins
with about the same exchange coupling as in pure
La2Cu04, the ((T) extracted from Eq. (3) was found to
agree with the theory [Eq. (1)] and neutron scattering re-
sults in La2Cu04, ' except near Tv where a crossover to a
power-law behavior of g(T) is observed for Sr2Cu02C12. '

If we turn now to the doped La2, Sr„Cu04 system, we
find that the enhancement of Ri at low T (see Fig. 1) is
clearly inconsistent with the temperature-independent g
reported by neutron scattering if one refers to Eq. (3).
Therefore, we conclude that the dynamical scaling breaks
down in the doped system La2 Sr,Cu04 (0.02 & x

0.08), i.e., that critical effects dominated by the slowing
down of a critical mode are not operative, and that the
above description of the NSLR must be modified.

In considering alternative origins of our observed ' La
NSLR behavior in Laz —,Sr Cu04, we first note that the
correlation length g for undoped La2Cu04 is very large
near and below room temperature: (& 10 —10 a, where
a is the nearest-neighbor intraplanar Cu-Cu distance.
Upon doping with Sr, the inelastic neutron scattering
measurements demonstrated that well-defined 2D AF or-
dering is still present, but that ( reaches an upper limit
g(T 0)=a/Jx—=L below -300 K, ' where a«L«g
for x in the range of interest here. In view of the failure of
the above theory to predict our observed ' La NSLR be-
havior, we therefore believe that the most likely alterna-
tive for the origin of this behavior is quasistatic
(to toy -0) fluctuations of the staggered moments of the
above locally ordered mesoscopic domains of size L. ' To
obtain a prediction for the '3 La NSLR from these fluc-
tuations, we go back to Eq. (2) and write

(I/N) Pv )Sv~ 1. By referring to the more widely used
expression Ri cx:lim ng"(q, m)/ai, it is seen that Eq. (4)
is consistent with the expression g(q, to) a:( (1+q (

i—f) ' and the proposed form f=f(qg, qa, m/I, to/T)
(Ref. 7) provided that, in the limit to~ 0, the dominant
dependence is f CLto/I =to/ID rather than f~co/T as
found in Ref. 7 for larger to. By assuming in Eq. (4)
h,a=I kG (Ref. 10) at the La site and t0, =2.9xl0'4
rad/sec estimated for 2J=1540 K, 's one can derive the x
and T dependence of the correlation frequency I D from
the data analysis results in Figs. 2(a) and 3:

r

T TN(—x)
Ttv (x)

TN(x) & T & 2Ttv(x): =500
ID

(Sa)

T) 2Ttv (x): =1.81c(x)exp
Mg 2J'(x)
ID

0.78 (63.2 —749x )K
exp

The T dependence of I o in Eq. (5) is quite significant
as it represents a direct measure of the slowing down of
the thermodynamic fluctuations of the staggered magneti-
zation in mesoscopic domains resulting from intradomain
anisotropy and from the magnetic coupling of the domains
to each other. The scaling of I D vs x in c(x) in Eq. (Sb)
should reflect the lifetime eff'ect of the staggered moment.
By generalizing the results in 1D magnets, where it is
found that the lifetime of paramagnons is limited by the
uncertainty in k vector due to finite-size correlation
length, ' one can argue that the lifetime I D

' should be&

proportional to the size L~ (d =2) of the locally ordered
regions, leading to I n '~L cx:x ', as observed [Fig.
3(a), Eq. (Sb)l. For T & 2Ttv(x), the fluctuations of the
staggered moment appear to be determined by an effective
spin-stiff'ness constant 2J'(x) which decreases with in-
creasing x and goes to zero for x =0.08 [Fig. 3(b), Eq.
(Sb)] in correspondence to the onset of the metallic and
superconducting phase. This interpretation suggests that
for x ~ 0.08, there is no transition into a magnetically or-
dered state at finite temperature. The exponential depen-
dence of I o in Eq. (Sb) is reminiscent of superparamag-
netic relaxation in small magnetic particles. ' By analo-
gy, one could interpret 2J'(x) as arising from weak single
ion anisotropy and average long-range dipolar terms cou-
pling the domains, both terms being much smaller than
the exchange constant 2J =1540 K [see Eq. (1)]. The re-
sulting anisotropy, which acts as a barrier to the reorien-
tation of the staggered moment, should scale as the num-
ber of spins in the domains and thus give the observed de-
crease of 2J'(x) with increasing x although the precise
meaning of the linear x dependence (Fig. 3) and of the
constant 62.3 K is hard to assess in absence of a detailed
theory. The crossover to a power-law critical behavior of
ID observed for T Ttv(x) should then be ascribed to
the cooperative behavior of the correlated finite-size re-
gions, these being the entities that freeze in the magneti-
cally ordered phase; this phase is thus not a conventional
spin glass as often assumed.
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In conclusion, the present interpretation removes incon-
sistencies between NQR and inelastic neutron scattering7
results for La2-~Sr„Cu04 (0.02 +x +0.08) by showing
the complementary nature of the two measurements;
whereas the former measurement is sensitive mainly to the
local quasielastic fluctuations of the order parameter
within mesoscopic domains which are affected by the cou-
pling between domains, in the latter technique one probes
also the high-frequency spin-wave-like excitations within
one domain. In this respect NMR/NQR should not be
unique in probing the superparamagnetic fluctuations in

regions of finite size, i.e., far smaller than the thermo-
dynamic correlation length g; analysis of other low-

frequency measurements on La2 „Sr,Cu04 (0.02&x
+0.1) like pSR and quasielastic neutron scattering
will be important in testing our interpretation. ' Con-
sideration of finite-size effects as documented here may

resolve other unexplained phenomena such as the anoma-
lously strong depression of the 30 AF ordering tempera-
ture Ttv and the rapid decrease of the ordered Cu moment
with x in La2 — Sr„Cu04 for 0~x~0.02. Indeed,
from careful measurements of samples with 0 ~ x ~ 0.02,
TN is found to follow a power-law dependence on x, con-
sistent with the finite-size-scaling hypothesis, which
lends independent support to our interpretation.
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