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Instantaneous spin correlations in La2CuO4
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We have carried out a neutron-scattering study of the instantaneous spin-spin correlations in La2CuO4

(TN5325 K) over the temperature range 337–824 K. Incident neutron energies varying from 14.7–115 meV
have been employed in order to guarantee that the energy integration is carried out properly. The results so
obtained for the spin-correlation length as a function of temperature when expressed in reduced units agree
quantitatively both with previous results for the two-dimensional~2D! tetragonal material Sr2CuO2Cl2 and with
quantum Monte Carlo results for the nearest-neighbor square latticeS5

1
2 Heisenberg model. All of the

experimental and numerical results for the correlation length are well described without any adjustable param-
eters by the behavior predicted for the quantum nonlinear sigma model in the low-temperature renormalized
classical regime. The amplitude, on the other hand, deviates subtly from the predicted low-temperature behav-
ior. These results are discussed in the context of recent theory for the 2D quantum Heisenberg model.
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The physics of low-dimensional quantum Heisenberg
tiferromagnets has been the subject of research ever sinc
advent of modern quantum and statistical mechanics.1,2 In-
terest in two-dimensional~2D! systems was heightened b
the discovery of high-temperature superconductivity in
lamellar copper oxides.3 Specifically, it was realized early o
that the parent compounds such as La2CuO4 correspond to
rather good approximations to theS5 1

2 2D square-lattice
quantum Heisenberg antiferromagnet~2DSLQHA!.4,5 It
seems at least possible that the 2D magnetism may in s
way be essential to the superconductivity in the char
carrier doped cuprates. Further, the magnetism itself is
fundamental interest as a quantum many-body phenome
in lower dimensions.

Early experiments by Endohet al.5 showed that over a
wide range of temperatures above the three-dimensi
Néel ordering transition in La2CuO41y ~that is, La2CuO4
with a small amount of excess oxygen! the instantaneous
spin-spin correlations were purely two dimensional and t
the correlation length diverged exponentially in 1/T. This led
to a flurry of theoretical activity2 including most especially
work based on the quantum nonlinear sigma mo
~QNLsM! by Chakravarty, Halperin, and Nelson~CHN!
~Ref. 6! and Hasenfratz and Niedermayer~HN!.7 These theo-
ries are all based on the 2D Heisenberg Hamiltonian wh
for nearest-neighbor~NN! interactions alone takes the form

H5J (
^ i ,dNN&

Si•Si 1dNN
, ~1!

where the summation is overNN pairs on a square lattice.
In La2CuO4, for temperatures below the tetragon
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(I4/mmm)-orthorhombic~Bmab! structural phase transition
temperature ofTst5530 K, the leading terms in the spi
Hamiltonian8,9 are

H5JS (
^ i ,dNN&

Si•Si 1dNN
1aNNN (

^ i ,dNNN&
Si•Si 1dNNN

1axy (
^ i ,dNN&

Si
cSi 1dNN

c 1 (
^ i ,d' j &

a' jSi•Si 1d' j

1aDM (
^ i ,dNN&

~2 ! i â•Si•Si 1dNND . ~2!

Here,aNNN , axy , a' j , andaDM represent the reduced nex
nearest-neighbor in-plane Heisenberg exchange couplingXY
anisotropy, interlayer coupling, and Dzyaloshinski-Mori
antisymmetric exchange, respectively, andSi

c is the c com-
ponent of the spin at sitei. The fourth term in Eq.~2! explic-
itly includes the two different out-of-plane neighbors atd'1
and d'2 . Note that, as was implicit in the work of Thio
et al.,8 the sign of the antisymmetric term changes on op
site sublattices because of the opposite rotation of the C6
octahedra. This Dzyaloshinski-Moriya term originates from
small rotation of the CuO6 octahedra about theâ axis. In the
tetragonal phaseaDM50 and the nearest-neighbor out-o
plane effective coupling vanishes sincea'15a'2 .

The most complete experimental study to date is on
material Sr2CuO2Cl2 ~Ref. 10! rather than La2CuO4. The rea-
sons for this are twofold: First, Sr2CuO2Cl2 is very difficult
to dope so that there are no complications arising from
effects of doped electrons or holes on the spin correlatio
Second, since Sr2CuO2Cl2 is tetragonal down to the lowes
temperatures measured~,10 K!, aDM50 and the nearest
neighbor interplanar coupling vanishes to leading order, t
13 788 ©1999 The American Physical Society
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PRB 59 13 789INSTANTANEOUS SPIN CORRELATIONS IN La2CuO4
is a'15a'2 . As shown in Table I there is a smallXY an-
isotropy. In addition, from results in Sr2Cu3O4Cl2,

11 we infer
that there is a next-nearest-neighbor in-plane Heisenberg
change coupling which is about 8% of the nearest-neigh
value. To first order, the latter should simply lead to a slig
renormalization of the effectiveJ in Eq. ~1!. TheXY anisot-
ropy will lead to a crossover from Heisenberg toXYbehavior
for correlation lengthsj/a*100. Thus Sr2CuO2Cl2 should
be a good realization of theS5 1

2 2DSLQHA for length
scales&100. This has, in fact, been confirmed in det
experimentally;10 specifically, over a wide range of lengt
scales the 2D correlation length measured in Sr2CuO2Cl2
agrees quantitatively with results from quantum Monte Ca
~QMC! calculations carried out on the Hamiltonian Eq.~1!
with S5 1

2 .12–14 The value forJ for Sr2CuO2Cl2 listed in
Table I is deduced from two magnon Raman-scatter
measurements.15

Both the QMC and the Sr2CuO2Cl2 experimental results
for the correlation length in turn are quantitatively predict
by theory based on the QNLsM in the low-temperature
renormalized classical~RC! regime.6,7 This comparison
again involves no adjustable parameters. Surprisingly,
agreement holds for correlation lengths as short as a
lattice constants. This is far outside of the temperature ra
where the QNLsM-RC theory should hold. A plausible ex
planation for this unexpected agreement has been give
Beardet al.13

In spite of the fact that the progenitor of this work was t
discovery of high-temperature superconductivity
La22xBaxCuO4,

3 together with the early work on the 2D sp
correlations in La2CuO41y ,5 our knowledge of the spin cor
relations in stoichiometric La2CuO4 is rather limited. The
primary correlation length data for La2CuO4 originate from
the neutron-scattering study of Keimeret al.9 on a carrier-
free single crystal of La2CuO4 with TN5325 K. The Keimer
et al.9 data on the correlation length and structure factor
tend up to 550 K. Their measurements are generally con
tent with the Sr2CuO2Cl2, QMC, and QNLsM-RC results,
but there appear to be systematic discrepancies at the lim
the error bars for the correlation length at both low and h
temperatures. These neutron experiments were carried
using a single incident neutron energy of 31 meV. It see

TABLE I. Néel temperature, superexchange energy, and cor
tions to the 2D Heisenberg Hamiltonian for La2CuO4 ~Ref. 9! and
Sr2CuO2Cl2 ~Ref. 10!. aDM and aXY are larger than the value
quoted in Refs. 9 and 10 by factors by (Zc/Zg) and (Zc/Zg)2,

respectively. HereZc(
1
2 ).1.17 andZg( 1

2 ).0.6 are the quantum
renormalization factors for the spin-wave velocity and spin-wa
gap, respectively.

La2CuO4 Sr2CuO2Cl2

S 1
2

1
2

TN ~K! 325 256.5
J ~meV! 135 125
aNNN ;0.08 ;0.08
aDM 1.531022 –
aXY 25.731024 25.331024

a'12a'2 531025 ;1028
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likely that the discrepancies are an experimental artif
originating from the use of a single incident neutron ene
over a wide range of temperatures. Alternatively, they co
represent a real effect originating from the antisymme
exchange and interplanar coupling terms in Eq.~2! for
La2CuO4. Clearly, therefore, it is important to carry out
more complete study of the spin-spin correlations
La2CuO4 in order to characterize fully the magnetism in th
parent compound of the monolayer high-temperature su
conductors. Such data would also be valuable for the in
pretation of NQR results in La2CuO4.

16 Finally, there have
been some important advances in our understanding of
theory for the 2DSLQHA since the work of Grevenet al.10

on Sr2CuO2Cl2 and it is therefore of value to re-examine th
relationships between the results of experiments in real
tems and theory.

The experiments were carried out primarily on the H
triple-axis spectrometer at the High Flux Beam Reactor
Brookhaven National Laboratory. The measurements utili
the same single crystal of La2CuO4 as employed by Keimer
et al.;9 this crystal had a volume of about 1.5 cm3. Through-
out this paper we use Bmab orthorhombic axes; atTN
5325 K the lattice constants area55.338 Å, b55.406 Å,
andc513.141 Å. We show in Fig. 1 the temperature depe
dence of the~0 1 2! nuclear superlattice peak intensity to
gether with the reduced orthorhombic splitting (b2a)/(b
1a).17 As is evident from Fig. 1, the sample of La2CuO4
shows a sharp tetragonal-orthorhombic structural phase t
sition at Tst5530.560.5 K. The sharpness of the transitio
in turn reflects the microscopic homogeneity of this samp

The magnetic neutron-scattering experiments were car
out in the energy-integrating two axis mode. For 2D syste
the integration over energy is carried out automatically in
two axis experiment provided that the outgoing neutr
wave vectork f is perpendicular to the 2D planes and pr
vided that the neutron energy is significantly larger than
characteristic energyv0 of the spin fluctuations at a give
temperature.18 From the theory of CHN,6,19 one has

c-

e

FIG. 1. Orthorhombic splitting and~0,1,2! superlattice peak in-
tensity versus temperature; the data are normalized relative to
other in the temperature region of overlap. The solid line is
result of a fit to a power lawA(Tst2T)2b with b50.3160.01 and
Tst5530.560.5 K.
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v0
CHN5

c

j S T

2prs
D 1/2

, ~3!

wherec andrs are the zero-temperature spin-wave veloc
and spin stiffness, respectively. For La2CuO4 this becomes20

v0
CHN.

850 meV Å

j
A T

1800
. ~4!

Quantum Monte Carlo calculations by Makivic´ and
Jarrell21 at intermediate temperatures generally are well
scribed by Eq.~4! but with an amplitude that is approx
mately twice as large. Specifically, Makivic´ and Jarell21 find
that between 550 and 800 K forJ5135 meV, as in
La2CuO4,

20 v0 varies from;25 meV to;63 meV. Accord-
ingly, the following protocol was used in our measuremen
Neutrons with incident energiesEi514.7 meV were used a
the lower temperatures. With increasing temperature
hence decreasingj the incoming neutron energy was pr
gressively raised to 41, 90, and 115 meV. To ensure that
energy integration was carried out correctly, it was requi
that the results for the correlation length in the temperat
regions of overlap agreed with each other to well within t
experimental errors.

We show first in Fig. 2 preparatory data taken at a te
perature ofT5328 K which is just above the 3D Ne´el tem-
perature of 325 K. The incident neutron energy wasEi
53.6 meV which results in very high-momentum resolutio
The two peaks evident in Fig. 2 originate from the two ro
of scattering which are along (1,0,l ) and (0,1,l ), respec-
tively. The equi-intensity of the two peaks implies that at 3
K the 2D spin fluctuations have at leastXYsymmetry, that is,
at 328 K there is no measurable in-plane anisotropy indu
by the antisymmetric exchange terms in Eq.~2!.

In Figs. 3 and 4 some representative energy-integra
scans forEi541 meV andEi5115 meV are shown. The col
limations were set to 208-108-S-108 in both cases, and fo
neutrons withEi541 meV a pyrolytic graphite filter was
used. ForEi5115 meV, the experiment was carried o

FIG. 2. E53.6 meV two-axis scan across the 2D rods at~1,0,
1.59! and ~0,1,1.59!. The solid line is the result of a fit to two
Lorentzians, Eq.~5!, centered about (1,0,l ) and (0,1,l ) respectively,
convoluted with the instrumental resolution function. The fit giv
j2150.001160.0004 reciprocal-lattice units.
-
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without a filter in order to maximize the neutron flux
Higher-order contamination from neutrons with energ
above;400 meV is not a concern as it results from t
high-energy tail of the thermal neutron spectrum peaked
;30 meV. The solid lines in Figs. 3 and 4 are the result
fits to the 2D Lorentzian form

FIG. 3. Representative energy-integrating two-axis scans
La2CuO4 with Ei541 meV and collimations 208-108-S-108. The
solid lines are the result of fits to a 2D Lorentzian scattering fu
tion Eq. ~5! convoluted with the resolution function of the spe
trometer.

FIG. 4. Representative energy-integrating two-axis scans
La2CuO4 with Ei5115 meV and collimations 208-108-S-108. The
solid lines are the results of fits to a 2D Lorentzian scattering fu
tion convoluted with the resolution function of the spectrometer
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PRB 59 13 791INSTANTANEOUS SPIN CORRELATIONS IN La2CuO4
S~q2D!5
S~0!

11q2D
2 j2 , ~5!

whereq2D is the 2D deviation in wave vector from the pos
tions of the (1,0,l ) and (0,1,l ) rods, convoluted with the
instrumental resolution function of the spectrometer.

The results so obtained for the inverse correlation len
j21 are shown in Fig. 5. These data are consistent within
errors with the earlier results of Keimeret al.,9 but are much
more precise and cover a wider range of temperatures.
solid line is the predicted behavior for the QNLsM in the
renormalized classical regime;6,7 this will be discussed be
low. The results for the Lorentzian amplitudeS(0)/j2 are
shown in Fig. 6. The four sets of data are normalized to un
over the temperature interval 450<T<550 K.

We now compare the results in Fig. 5 for the correlati
length in La2CuO4 with the predictions of various theories
We begin with the results of QMC calculations for Eq.~1!

FIG. 5. Inverse magnetic correlation length of La2CuO4. The
solid line is Eq. ~6! with J5135 meV. The Ne´el and structural
transition temperatures are indicated by arrows.

FIG. 6. Lorentzian amplitude,S(0)/j2 versus temperature. Th
data for the different incident neutron energies are normalize
unity in the temperature range 450&T&550 K.
h
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he
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with S5 1
2 . Because of both advances in computational te

niques and the implementation of finite-size scaling metho
QMC data now exist forj/a for theS5 1

2 NN 2DSLQHA for
length scales varying from 1 to 350 000 lattice constan
QMC results of Beardet al.13 and Kim and Troyer14 are
plotted in Fig. 7 together with our experimental results
La2CuO4. The data are plotted in the reduced formj/a vs
J/T. It is evident that the QMC and La2CuO4 results agree in
absolute units over the complete temperature range (
,T,824 K) or equivalently, length scale range (3&j/a
&115). Thus over this range the 2D spin correlations
La2CuO4 are entirely determined by the leading nea
neighbor Heisenberg couplings and the anisotropic in-pl
plus interplanar terms in Eq.~2! have no measurable effect t
within the uncertainty of our experiments. Specifically, t
tetragonal-orthorhombic structural phase transition at 53
does not manifest itself in the temperature dependence o
correlation length.

We now consider the predictions of various analytic
theories. A low-temperature theory for the 2DSLQHA w
formulated by Chakravarty, Halperin, and Nelson,6 in which
they obtained the static and dynamic properties of
2DSLQHA by mapping it onto the 2D quantum nonlinears
model. The 2D QNLsM is the simplest continuum mode
which reproduces the correct spin-wave spectrum and s
wave interactions of the 2DSLQHA at long wavelengths a
low energies. First, CHN argued that forS> 1

2 the NN
2DSLQHA corresponds to the region of the 2D QNLsM in
which the ground state is ordered—the renormalized cla
cal regime. Then, CHN used perturbative renormalizati
group arguments to derive an expression for the correla
length to two-loop order, showing a leading exponential
vergence ofj versus inverse temperature. Later, Hasenfr

to

FIG. 7. The logarithm of the reduced magnetic correlati
length j/a versusJ/T. The closed circles are data for La2CuO4

plotted withJ5135 meV, the open circles are data for Sr2CuO2Cl2
plotted with J5125 meV ~Ref. 10!, and the open squares are th
results of the Monte Carlo computer simulations~Refs. 12–14!. The
solid line is the theoretical prediction without adjustable parame
of the 2DQNLsM for the renormalized classical regime, Eq.~6!.
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and Niedermayer7 employed chiral perturbation theory t
calculate the correlation length more precisely to three-lo
order. In the RC scaling regime, the correlation length
given by

j

a
5

e

8

c/a

2prs
e2prs /TF12

1

2 S T

2prs
D1OS T

2prs
D 2G , ~6!

which we refer to as the CHN-HN formula. The paramet
rs and c are the macroscopicT50 spin stiffness and spin
wave velocity, respectively. For the nearest-neigh
2DSLQHA, they are related to the microscopic parameterJ,
S, and the lattice constanta according tors5Zr(S)S2J and
c5Zc(S)2&aSJ. The coefficientsZr(S) and Zc(S) are
quantum renormalization factors, which can be calcula
using spin-wave theory (S> 1

2 ),22,23 series expansion (S
5 1

2 ,1),23 and Monte Carlo techniques (S5 1
2 ).12–14 For S

5 1
2 , the spin-wave approximation givesZr( 1

2 ).0.699 and

Zc(
1
2 ).1.18.22,23The most precise values forS5 1

2 currently
available come from the QMC study of Beardet al.13 who
find c51.657(2)Ja, andrs50.1800(5)J and, for theT50
sublattice magnetization,Ms50.307 97(3)/a2. These corre-

spond toZc(1/2)51.172 andZrs
( 1

2 )50.72. The CHN-HN

prediction for the Lorentzian amplitudeS(0)/j2 is

S~0!

j2 5A2pMs
2S T

2prs
D 2F11C1

T

2prs
1OS T

2prs
D 2G .

~7!

It is of interest to compare the QNLsM predictions with
the corresponding predictions of theclassicalspin model for
the NN 2DSLHA at low temperatures;2,6,24,25

j

a
50.0125

T

2prcl
e2prcl /TF12b1

T

2prcl
1OS T

rcl
D 2G ~8!

and

S~0!

j2 5A2pMs
2S T

2prcl
D 2F11C1

T

2prcl
1OS T

rcl
D 2G , ~9!

where for classical unit vector spins,rcl5J. For largeS
quantum spins, one finds that the classical limit is a
proached smoothly as a function ofSprovided that tempera
ture is measured in units ofJS(S11), implying one that
should takercl5JS(S11).2 This choice forS5 1

2 , gives
rcl50.75J compared withrs50.18J. The arguments in the
exponentials in Eqs.~6! and ~8! then differ by more than a
factor of 4—a very dramatic difference between renorm
ized classical and classical scaling behavior.

An alternative theoretical analysis of the 2DSLQHA h
been carried out by Cuccoliet al.26 in which they treat quan-
tum fluctuations in a self-consistent Gaussian approxima
separately from the classical contribution. In their approa
which they label the purely quantum self-consistent h
monic approximation~PQSCHA!, the quantum spin Hamil-
tonian is rewritten as an effective classical Hamiltonia
where the temperature scale is renormalized due to quan
fluctuations, and the new classical spin length appearsS
p
s

s

r

d

-

l-

n
,
-

,
m

11
2. Defining the reduced temperature ast5T/@J(S

11/2)2#, the correlation length for the 2DSLQHA is the
simply given by

j~ t !5jcl~ tcl! with tcl5
t

u4~ t !
. ~10!

Here,jcl is the correlation length for the corresponding cla
sical 2D square-lattice NN Heisenberg model, which is giv
by Eq. ~8! at low temperatures and may be obtained fro
classical spin Monte Carlo calculations at high
temperatures,27 and u4(t) is a temperature renormalizatio
parameter. The PQSCHA is most accurate in the limit wh
the quantum fluctuations are weak, and correspondinglyu4 is
near unity. This is the case for large spin, for exampleS
5 5

2 , and indeed this has recently been studied experim
tally by Lehenyet al.28 who have measuredS(q2D) in the
S5 5

2 2DSLQHA material Rb2MnF4. They follow a magnetic
field-temperature trajectory which approaches the bicriti
point in the phase diagram and which accordingly sho
show pure 2D Heisenberg behavior. In this case
PQSCHA predicts the correlation length precisely with
adjustable parameters over the inverse temperature r
0.5,rcl /T,2 or equivalently, the length scale range
,j/a&100. We note from Eqs.~8! and~9! that for the clas-
sical modelT always appears scaled byrcl . Thus the quan-
tum effects in the PQSCHA can be though of simply as
temperature dependent renormalization ofrcl , that is, rcl
→u4(t)rcl .

Finally, for the QNLsM there may be a crossover from
renormalized classical to quantum critical behavior with
creasing temperature.29 In the QC regime heuristically one
expects

j/a50.8
c/a

T2TQC
~11!

with TQC>0 adjustable.2,6,10,29 We emphasize that this an
ticipated crossover is a property of the QNLsM and it may
or may not occur for quantum spins on a 2D lattice.

The solid line in Fig. 5 is the QNLsM-RC prediction, Eq.
~6! with c andrs from Beardet al.13 As observed previously
for Sr2CuO2Cl2,

10 Eq. ~6! describes the measured correlati
length of La2CuO4 extremely well without adjustable param
eters over the temperature range 337,T,824 K, or equiva-
lently, the length scale range,;3&j/a&110. All of the data
for j/a from each of quantum Monte Carlo, Sr2CuO2Cl2 and
La2CuO4 together with Eq.~6! are plotted in the reduced
form j/a vs J/T in Fig. 7. The evident universal behavior i
of course, both pleasing and reassuring. The good agree
of all of the experimental and numerical results with t
low-temperature QNLsM-RC predictions down to very
small values ofJ/T at first appears to be quite puzzling. Th
QMC study, Ref. 13, suggests that this agreement is, at l
in part, accidental. Specifically, in crossing over from t
low-temperature continuum QNLsM to the discrete lattice
S5 1

2 Heisenberg model the higher order terms in Eq.~6!
conspire such that over the measured temperature rang
deviation ofj/a from Eq.~6! is never more than 15% which
is well within the experimental error.

We now focus on the high-temperature behavior
La2CuO4. We show in Fig. 8 the La2CuO4 correlation length
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PRB 59 13 793INSTANTANEOUS SPIN CORRELATIONS IN La2CuO4
data together with the predictions from QNLsM-RC @Eq.
~6!#, QNLsM-QC @Eq. ~11!#, high-temperature serie
expansion,29 and the PQSCHA which involves Eq.~10! com-
bined with results of classical Monte Carlo simulations.27 As
observed previously for Sr2CuO2Cl2 ~Ref. 10! as well as for
both S5 1

2 2DSLQHA QMC calculations14 and high-
temperature series expansion results,30,31 the QNLsM-QC
prediction, Eq.~11!, disagrees strongly with the experiment
results in La2CuO4. This is, perhaps, not surprising given th
extremely short length scales at the relevant temperatu
Specifically, at these short distances, the continuum QNLsM
approach which underlies the possible QC behavior is pr
ably no longer valid. By contrast, the PQSCHA which co
responds to classical scaling for pure 2D Heisenb
model2,31 agrees reasonably well in absolute units with
adjustable parameters for length scales up to aboutj/a
;15. As expected, the PQSCHA breaks down at lower te
peratures and larger length scales. Thus if there is a cr
over in the correlation length, it is from classical scaling
renormalized classical scaling with decreasing temperat
Clearly, it is very important that theory for this crossov
from the high-temperature PQSCHA classical scaling reg
to the low-temperature QNLsM-RC regime be developed.

Finally, we discuss the behavior of the structure fac
S(0). Theleading divergence ofS(0) is determined byj2.
This is confirmed by the results forS(0) in La2CuO4 dis-
played in Fig. 6 which shows thatS(0)/j2 is approximately
constant over the temperature range of our experiment.
is equivalent to the statement that for the 2DS5 1

2 QHA the
critical exponenth250. We note that in 3Dh3.0.04,32 that
is, S(0);j1.96 whereas for the 1DS5 1

2 QHA one has the
remarkable result thatS(0);(ln j)3/2,33 which implies h1
52.

The temperature dependent correction factors@cf. Eq. ~7!#

FIG. 8. The logarithm of the reduced magnetic correlat
length j/a versusJ/T compared with the predictions of variou
theories including renormalized classical behavior, Eq.~6!, quan-
tum critical behavior, Eq.~11!, the PQSCHA, Eq.~10!, and high-
temperature series expansion~Ref. 29!.
l
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beyond the leadingj2 divergence are problematic. Specifi
cally, Greven et al.10 find in their measurements in
Sr2CuO2Cl2 that over the length scale 5&j/a&200,S(0)/j2

is independent of temperature to within the errors. By co
trast, QMC ~Refs. 12–14! and high-temperature serie
expansion30,31 studies of the S5 1

2 NN 2DSLQHA find
S(0)/j2;T2 over about the same range of length scales
theS5 5

2 2DSLQHA material Rb2MnF4, Lehenyet al.28 find
a clear crossover atj/a;4 from S(0)/j2;T2 behavior to a
much weaker dependence ofS(0)/j2 on T at high tempera-
tures. The data forS(0)/j2 in La2CuO4 shown in Fig. 5 are
clearly inconsistent withT2 behavior over the complete tem
perature range but would allow a gradual crossover as fo
in Rb2MnF4. This lack of universality inS(0)/j2 seems sur-
prising given the robust universality of the behavior forj/a
~Fig. 7!. Of course, departures from the low-temperatu
QNLsM-RC behavior may occur at different temperatur
for different observables. It is also possible that the terms
Eq. ~2! beyond the nearest-neighbor Heisenberg coup
will effect S(0)/j2 more than they effectj itself.

In summary, we have carried out a neutron-scatter
study of the instantaneous spin-spin correlations in La2CuO4
(TN5325 K) over the temperature range 337–824 K. In
dent neutron energies varying from 14.7–115 meV ha
been employed in order to guarantee that the energy inte
tion is carried out properly. The results so obtained for
spin correlation length as a function of temperature wh
expressed in reduced units agree quantitatively both w
previous results for the 2D tetragonal material Sr2CuO2Cl2
and with quantum Monte Carlo results for the neare
neighbor square latticeS5 1

2 Heisenberg model. All of the
experimental results for the correlation length are well d
scribed without any adjustable parameters by the beha
predicted for the quantum nonlinear sigma model in the lo
temperature renormalized classical regime. The structure
tor, on the other hand, deviates subtly from the predic
low-temperature behavior although the leadingj2 behavior
is confirmed. The correlation length data at high temperat
agree reasonably well with predictions of the PQSCH
which corresponds to classical scaling with quantum corr
tions for the 2D Heisenberg model. We therefore hypo
esize that in La2CuO4 there is a gradual crossover from
renormalized classical to classical scaling with increas
temperature.
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