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Spin dynamics in the two-dimensional quantum antiferromagnet La2Cu04
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Using large single crystals (-2 cm ), we have extended previous elastic and inelastic neutron
scattering studies of the spin dynamics in the two-dimensional (2D) quantum antiferromagnet
La2Cu04. We observe well-defined magnetic peaks for constant energy scans across the 2D magnet-
ic rod for a wide range of temperatures and energies. The spectra are compared quantitatively with
theoretical models. Simple spin-wave theory satisfactorily describes the experimental results well
below T&. The thermal excitations of the low-energy (Ace & 3 meV) spectra, however, appear to de-
viate from the theory as T& is approached. The overall temperature and energy dependence of the
spectra above Tz (245 —520 K) can be explained by the formula of Chakravarty, Halperin, Nelson,
and Tyc for the dynamical structure factor S(q, cu) with no adjustable parameters. We do, however,
observe a 2D elastic component which grows rapidly as T& is approached; it is hypothesized that
this arises primarily from magnetic defects and is analogous to the "central peak" observed for
many structural phase transitions.

I. INTRODUCTION

Extensive studies of the magnetic properties of
La& „Sr Cu04 (x ~0. 15) and YBa2Cu307 ~ (y ~ 1)
(Refs. 1 —3) have recently been carried out in order to elu-
cidate the magnetism in these systems and specifically to
clarify the potential role of magnetism as a mechanism
for the superconductivity. The first neutron scattering ex-
periments' from La2Cu04 revealed a variety of fascinat-
ing features including the absence of any appreciable
enhancement of the quasielastic component near the Neel
temperature (T&) as well as an enormous energy scale for
the spin Auctuations above T&. These striking properties
contrast markedly with the low-energy spin Auctuations
in other typical quasi-two-dimensional (2D) antifer-
romagnets such as K2NiF4 (Ref. 5) and KzCoF4 (Ref. 6)
and those of the isomorphous compounds LazNi04 (Ref.
7) and LazCo04 (Ref. 8) which show dramatic critical-
slowing-down phenomena in the 2D spin correlations
near T&. Although the measurements in LazCu04 were
done up to 12-meV energy transfer, the spin dynamics
seemed to be much akin to the quantum Auctuations in
the S =

—,
' Heisenberg antiferromagnetic linear chain pre-

viously observed with neutron inelastic scattering from
CuC122Py. Spin excitations in CuClz2Py were observed
to form a broad band above the bounded spin-wave
mode, m J sin(qa), at T =0. Accordingly the highly
correlated but fluctuating spin states in La2Cu04 were la-
beled the quantum spin Quid.

These experiments also motivated many theoretical
studies to elucidate the basic spin dynamics of the S=—,

'

2D Heisenberg antiferromagnet. Chakravarty, Halperin,
and Nelson (CHN) (Ref. 10) have analyzed a quantum
nonlinear sigma model by combining renormalization-
group and dynamic scaling methods and they have pro-
posed formulas for both the static and dynamic structure
factors, S(q2D) and S(q2D, co), respectively, in the long-
wavelength and low-temperature region of the phase dia-
gram. Applying Oguchi's spin-wave theory, " they
showed that the antiferromagnetic quantum Heisenberg
model with S=—,

' can be mapped onto the 3D nonlinear
sigma model with a coupling constant g ~ g, which
possesses long-range order at T =0. Hence, all of the
static and dynamic properties can be treated in the classi-
cal hydrodynamic limit characterized by the quantum re-
normalized correlation length (g) and the spin-wave ve-
locity (Q. More recently, Tyc, Halperin, and Chakravar-
ty have determined the unknown parameters in the CHN
model by fitting the CHN formulas to the results of a
molecular-dynamical simulation of the classical rotor
model. ' Auerbach and Arovas, ' using the Schwinger
boson mean-field approximation, have obtained similar
results without assuming an ordered state at T =0. Their
calculated results, however, differ from the Tyc, Halpe-
rin, and Chakravarty simulations in a variety of subtle
ways; we have not attempted to determine experimentally
which approach is correct in detail. Rather, because the
CHN model is much easier to implement, with a simple
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closed-form expression for S(Q, co), we shall limit the
comparisons of our experimental results to the CHN
model alone.

In this study, we have extended the previous neutron
scattering measurements on La2Cu04. The growth of a
very large high-quality single crystal of volume -2 cm
has made it possible to expand the experimental range in
both temperature and energy and to improve the quality
of the data. We have therefore not only carried out in-
elastic and elastic measurements across the 2D magnetic
rod but also have been able to make a critical comparison
with the theories. The format of this paper is as follows:
In Sec. II we summarize the basic information on
LazCu04 relevant to these studies —primarily the crystal
and magnetic structures as well as the spin correlations
and the spin dynamics. The experimental details are de-
scribed in Sec. III. The essential predictions of the CHN
theory are reviewed in Sec. IV. In Sec. V the 2D magnet-
ic neutron scattering spectra observed by using three-axis
(inelastic) and two-axis (elastic) spectrometer modes are
presented. These spectra are compared with theory and
the overall results are discussed in Sec. VI.

II. PRELIMINARY DETAILS

The crystal and magnetic structures of LazCu04 are
shown in Fig. 1. The crystal structure at high tempera-
tures has the same tetragonal symmetry, space group
I4/mmm, as K2NiF4. Below about 500 K, the structure
transforms to one with orthorhombic symmetry, space
group Crnca, due to a staggered tilt of the Cu06 octahe-
dra as illustrated in Fig. 1. The room-temperature lattice
constants are a =5.354 A, b =13.153 A, and

0
c =5.401 A; these correspond to a tilt angle of about 4'.
The tilt is uniform in a given a-6 plane. Since there are
two equivalent tilting directions in a CuOz basal plane, a
twin structure is formed at the structural phase transi-
tion.

The Cu + spins in La2Cu04 order antiferromagnetical-
ly with a Neel temperature, T~, of about 240 K and a sa-
turated sublattice moment of about 0.4pz for an as-
grown crystal. This 3D magnetic order is very sensitive
to the oxygen concentration, and specifically as-grown
crystals appear to have a slight excess of oxygen. By fur-
ther oxygenation, the long-range magnetic order de-
creases at low temperatures with a corresponding in-
crease in 2D short-range order scattering. These effects
of the oxygenation on the 3D magnetic properties are
similar to those produced by Sr doping in La2Cu04.
This diminution of 2D order arises from the frustration
produced by the spin of the hole on the oxygen atoms be-
tween the Cu + spins. ' The antisymmetric exchange in-
teraction introduced by the tilt of the octahedra creates a
spin canting below T& in the direction perpendicular to
the basal plane as shown in Fig. 1. The canting angle of
about 0.2' has been evaluated consistently from both an
analysis of the temperature dependence of the uniform
magnetic susceptibility near T& (Ref. 15) and the spin ro-
tation forced by an external magnetic field. '

The detailed measurements reported in Ref. 17 reveal
that the spin-wave dispersion is isotropic and centered
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FIG. 1. (a) Spin structure and CuOz plane of La~Cu04, {b)
Reciprocal a ( c *)-b * planes supported by the twinned struc-
ture in the orthorhombic phase.

about the antiferromagnetic superlattice position as ex-
pected from spin-wave theory for the 2D Heisenberg
Hamiltonian. More exotic dynamical structure factors,
for example, might be expected from certain versions of
the resonating-valence-bond (RVB) model are not found.
A lower limit for the 2D spin-wave velocity of about 600
meV A has been set by constant-E inelastic neutron
scattering measurements. ' The CHN model' accounts
well for the temperature dependence of g determined by
the two-axis quasielastic scattering with a spin-wave ve-
locity close to that suggested by the neutron experiment
lower limit. ' Recently Takahashi' has obtained a for-
mula for g by applying his modified spin-wave theory to
the S=

—,', 2D Heisenberg antiferromagnet. According to
his model the best fit to the previous neutron data deter-

0

mines the spin-wave velocity to be 560 meVA. Two-
magnon Raman scattering measurements, simply inter-
preted, give the slightly larger value of -740 meVA.
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Quantum Monte Carlo calculations ' with this value for
the velocity also give good agreement for the experimen-
tal g's.

According to the previous neutron measurements, '
both the temperature and energy evolution of the con-
stant energy spectrum for T) T& exhibit significant devi-
ations from those expected from normal spin waves as
one might expect. The low-energy, constant-q spectra at
low temperatures, however, could be analyzed by normal
spin-wave theory to evaluate the anisotropies. These
anisotropies generate the energy gaps in the spin-wave
dispersion relations: 1.0+0.25 (in-plane mode) and
2. 5+0.5 meV (out-of-plane mode). These values are
determined by the antisymmetric interaction produced by
the tilt and the planar anisotropic exchange, respectively.

III. EXPERIMENTAL DETAILS

Sizable crystals of typical size 20 X 20 X 5 mm of
La2Cu04 were prepared by the CuO flux method. The
Neel temperature T~ (=245 K) and the tetragonal-
orthorhombic transition temperature Ts (=525 K) were
determined from the temperature dependences of the
magnetic (1,0,0) and the nuclear superlattice (0,2, 1) inten-
sities, respectively (see Fig. 2). The high-temperature
measurements up to about 550 K were repeated several
times by heating the crystal in vacuum. After the mea-
surements, however, we observed a considerable smearing
of the magnetic phase transition; the corresponding
change in the structural phase transition was much less,
as expected from the order of magnitude difference be-
tween dT&/dO and dT~/dO where 0 is the oxygen con-
centration. Therefore, we used the second crystal for fur-
ther measurements around TJv. The second crystal (re-
ferred to as NTT-8) was cut from the same batch as the
first one (referred to as NTT-7) and we confirmed that
both crystals exhibited almost identical properties.

The neutron scattering measurements were carried out
on the triple-axis spectrometers H4M, H7, H8, and H9 at
the Brookhaven High Flux Beam Reactor. Either pyro-
lytic graphite (0,0,2) or Cu2MnA1 (1,1,1) were used as
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FIG. 2. Temperature dependences of the magnetic (100) and
nuclear superlattice (021) Bragg intensities.

both monochromator and analyzer for unpolarized or po-
larized neutron experiments, respectively. Various in-
cident neutron energies together with different horizontal
collimations were employed to optimize the different
types of measurements. In order to eliminate contamina-
tion from higher-order reflections, a cooled beryllium or
a pyrolytic graphite filter was inserted in the incident or
scattered neutron path. For the low-temperature rnea-
surements, the crystal was mounted in an Al can which
was charged with 1 atm of He gas as a heat exchanger.
The Al can was attached to the cold finger of a liquid-He
flow cryostat. The high-temperature measurements were
carried out by using a tungsten heater in a furnace
pumped down to 10 torr. The crystal was heated uni-
formly by radiation from an Al cylinder 100 mm in diam-
eter.

The crystal was aligned with an a* (and because of the
twinning c*) axis perpendicular to the scattering plane.
With this configuration, the 2D magnetic rods were
parallel to the scattering plane. In Fig. 1 we show the
a*(c*)-b* reciprocal plane of the orthorhombic twin
structure. In the figure, the open and solid circles denote
the nuclear and the superlattice reflections, respectively.
The triangles correspond to magnetic reflections; the spin
direction for the solid or the open triangles in Fig. 1 is
perpendicular or parallel to the scattering plane, respec-
tively.

The static structure factor S(q2o) which describes the
instantaneous spin correlations, is given by the following
equations:

S(q2o)= fS(q2o, co)da),

S(q2o, co)=(2vrN) ' I (S(—q2o, 0) S(qzo, t))e' 'dt,

(lb)

where q2~, the in-plane momentum transfer, is the dis-
tance from a magnetic rod in reciprocal space. For 2D
magnets, when the outgoing neutron momentum kf is
parallel to the 2D magnetic rod, an approximate energy
integration of Eq. (la) can be done by a two-axis measure-
ment keeping q2~ constant. Here we call this two-axis
scan across the 2D magnetic rod a "focusing scan. " Al-
though the integration range is finite, covering approxi-
mately the range for —kz T to the incident neutron ener-

gy E, , the focusing scan has been successfully applied for
classical 2D antiferromagnetic systems. g could be ex-
tracted by fitting the Lorentzian shape function,

S(q~o ) [(q2o ) + ( I /g ) j

to the observed spectra of the two-axis focusing scans
convoluted with the instrumental resolution function.

The dynamical structure factor S(q2o, co) is measured,
in general, by either a constant energy or a constant
momentum transfer scan in the three-axis mode as illus-
trated in Fig. 3. However, because of the very steep
dispersion surface of LazCu04, as well as the finite E and
q experimental resolution, it was difFicult to obtain proper
information on the integrated intensity for the spectrum
of S(q2o, co) from constant-q scans. Therefore, we per-
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CE Scan and CQ Scan 2n.p, -0.576(hC/a), (3)

where D is a constant which is about 0.5, p, is the spin
stiffness at T =0, C is the spin-wave velocity, and a is the
lattice constant in the tetragonal basal plane (3.79 A).

In the scaling regime, the dynamical structure factor
can be written in the form

S(q2D M) =up 'S(qzD)P(k, v)

with the characteristic frequency

co =Cg '( T/2rrp, )
'

(4)

(5)

(c )
The scaling variables are defined as v=colrop and
k =qzDg. According to the renormalization-group
analysis, S(qzD) has the scaling form

S(qqD)=S(q2D=O)f (k),

f (k) =[1+0.5Bfln(1+k )]/(1+@ ),
S (qzD =0)=Bshe Np /[(2m p, /T)+ 1]

(6)

(7)

According to Ref. 12, their molecular-dynamics results
were fit with a two-Lorentzian form for the dynamical
scaling function,

CQ Scon

FICr. 3. Constant energy (CE) and constant momentum (CQ)
scans in the schematic 2D dispersion surface.

4(k v)=) kt[(v vk)'+) k—]

(9)

formed exclusively constant-E scans. For the same
reason, however, the constant-E scan across a magnetic
rod could not resolve the +q2D contributions from the
symmetric dispersion surface. Most of the three-axis
measurements were carried out varying the incident neu-
tron energy while keeping the final energy constant
(constant-Ef mode). In this mode, the monitor value for
the incident neutron Aux must be corrected for the
energy-dependent higher-order contamination. For a
typical energy transfer of 6 meV, the energy resolution
was —1.4 meV full width at half maximum (FWHM)
while the momentum resolution projected onto the a*-b*
plane was 0.12 A ' FWHM.

IV. REVIEW OF RELEVANT THEORY

Here we follow the discussion given in Refs. 10 and 12;
the argument by CHN is that the S(q2D, ro) of the 2D
quantum Heisenberg antiferromagnet may be directly re-
lated to that of a classical lattice rotor model which can
be studied by molecular-dynamics simulations. This ar-
gument may apply for the spin dynamics only at
sufficiently low temperatures and energies and close to
the magnetic rod.

According to CHN, the correlation length ( derived
from the two-loop renormalization-group analysis can be
transformed into the following formula for the quantum
Heisenberg antiferromagnet:

(1+T/2', )
exp( 2rrp, /T)—

The formulas for the dimensionless spin-wave frequency
vI, and the width yk include four adjustable parameters:
yo, p, O, and5,

vk =(23)'~ k[5+0.5ln(1+% )]'

yk =yp(l+)Mk )'~ [1+(8/2)ln(1+@ )]

(10)

V. EXPERIMENTAL RESULTS

A. Basic character of the 2D spin correlations

In this section we present measurements of the basic
features of the 2D spin correlations for the present crys-
tals. As shown in Fig. 4, three-axis spectra across the
magnetic rod (1,K, O) [or (O, K, 1)] at diFerent K are al-

The details of these expressions and the simulation
method are described in Ref. 12. Here we simply summa-
rize the parameters obtained by fitting these expressions
to the dynamical simulation of the classical linear rotator
model. Tyc, Halperin, and Chakravarty' determined
these parameters as the following: Bf=0.10, B+=125,
6=1.05, yo=0. 86, p=1.4, and 0=0.08. Accordingly, in
order to compare this model with experiment we need as
adjustable parameters only the spin-wave velocity C
which, within the context of this theory, will be deter-
mined by the measured static correlation lengths, g(T),
and an overall intensity scale factor. Finally, for compar-
ison with experiment we multiply Eq. (4) by the addition-

al factor co(1 —e ~ )
' to make the connection be-

tween classical and quantum statistics and explicitly to
ensure that detailed balance is satisfied.
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0

most identical within the experimental accuracy. There-
fore, we reconfirm the two dimensionality of the dynami-
cal response function S(q2D, co) of this system; this is an
essential requirement for the following discussion. It
should be noted that the magnetic form factor f(Q) is al-
most constant within the K range probed in Fig. 4. We
have also observed the third-order 2D rod (3,K, O) [or
(O, K, 3)] whose intensity indeed follows the magnetic
form factor as expected. In addition, we con6rmed that
the 2D inelastic response is magnetic in origin by using
polarized neutron techniques.

The temperature dependence of g in the 2D plane has
been studied utilizing the two-axis focusing scans as in
Ref. 2. An incident neutron energy of 30.5 meV was uti-
lized; this should integrate over the important low-energy
spin fluctuations. The inverse correlation length ~ as a
function of the temperature so obtained is plotted in Fig.
5 together with the previous results obtained from a crys-
tal with T& =195 K. The two sets of measurements agree
well in spite of the difference in Tz for the two crystals.
Indeed, the shifts in the average g are consistent with the
differences in Tz for the two crystals. The dotted line in
Fig. 5 is calculated using Eq. (2) with the spin-wave ve-
locity C =850 meV A. Clearly the CHN model accounts
quite well for the static structure factor. The inferred
spin-wave velocity is somewhat higher than that suggest-
ed by earlier m.easurements but agrees well with the re-
sults of recent epithermal neutron scattering experiments
by Aeppli and co-workers.

B. The dynamical structure factor

We f][rst discuss the results of the three-axis inelastic
scans (constant Ef) across the magnetic rod (1,K, O) [or
(O, K, 1)] in the 3D long-range ordered state below Tz.
Typical spectra at three temperatures are presented in
Fig. 6. The temperature evolution of these spectra seems
to follow reasonably Bose statistics as expected for har-
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monic spin waves and as observed previously. To exam-
ine the applicability of ordinary spin-wave theory more
critically we have performed a detailed comparison be-
tween our experiment results and the predictions of spin-
wave theory for S(qzD, co) including the energy gaps,

Ss (qqD, co) —@co 'I [(co—co ) +y ] '[n (co)+1]

+[(co+co„) +y ] 'n (co)I . (12)

In the above equation, the dispersion relation and the
Bose occupation factor are as follows: co~ =(CqzD) +E~
and n (co) =(e ~ —1) ', where E is the energy gap
due to the anisotropy; E =1.0+0.25 meV for the in-
plane mode and 2.5+0.05 meV for the out-of-plane mode
have beeri determined by an independent neutron study
on LazCuO4. We initially took as the spin-wave veloci-
ty C =650 meVA and the linewidth y was fixed at 1

meV. The overall intensity scale factor was obtained by
fitting the calculation to the spectrum at 6 meV for
T =120 K. The temperature dependences of the gap en-
ergies were included explicitly in the calculations. The
relative intensity and the shape of the calculated spectra
were found to be insensitive for the range of input values
C =650—850 meV and y ~ 1 meV. This happens presum-
ably because the measured spectra are all resolution lim-
ited. As is evident in Fig. 6, the calculations agree fairly
well with experiment at low temperatures T ~ 120 K. As
the temperature is increased up to T&, however, the devi-
ation between the two grows, especially for the 3-meV ex-
citation spectrum.

In Fig. 7 we show the temperature evolution of the
same set of scans as in Fig. 6 but above Tz. This temper-

ature evolution cannot be explained by normal spin-wave
theory as was pointed out in our previous study. ' Ac-
cordingly we instead make a detailed comparison with
the predictions of the CHN model as presented in Sec.
IV. The results are shown by the dashed lines in Fig. 7.
In these calculations we use C =850 meVA as deter-
mined by the static correlations and the Ps were fixed at
their measured values so that there is only one remaining
adjustable parameter —the overall intensity scale. This
scale factor was fixed by matching the theory to experi-
ment for the E =6-meV spectrum at 290 K. Thus, all of
the remaining spectra are calculated without any adjust-
able parameters. Clearly the agreement between the
CHN model and experiment is excellent. It is especially
notable that the theory was carried out in advance of and
entirely independent of our experiments.

A corresponding set of scans for E =0 is shown in Fig.
8. The E =0 intensity clearly grows dramatically as the
temperature is decreased. As we shall discuss below, this
behavior is not predicted by the CHN model. We sum-
marize the temperature dependences of the integrated in-
tensities at different energies both below and above Tz in
Fig. 9. The intensities of the low-energy excitations show
a peak around Tz. Most notably, the elastic intensity
seems to be diverging near Tz. On the other hand, the
higher-energy spectra depend only weakly on the temper-
ature. The data taken at different K are combined in the
figure. We will discuss these intensities in more detail in
the next section.
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VI. DISCUSSION

We begin with a discussion of S(q2D, co) of La2CuO~ for
T ~ T~; that is, in the Neel state. Satisfactory agreement
is obtained between the predictions of normal spin-wave
theory and the experimental spectra at low temperatures
as shown in Fig. 6. As the temperature is increased the
calculation deviates somewhat from the experiment at
least at the lowest energy. This presumably reAects the
effects of magnon-magnon interactions which are not in-
cluded in the calculations. At higher energies, especially
at 12 meV, the agreement is quite satisfactory.

We now discuss S(q2D, co) above T~. In Fig. 10 we
plot the integrated intensities of the constant energy
scans as a function of energy above T&. The inset in Fig.
10 is the prediction of the CHN model including resolu-
tion effects. The overall agreement between the calcula-
tion and the experiment is quite good except in the quasi-
elastic regime. The most unusual feature of the predicted

energy dependence is that a characteristic broad peak or
plateau at EWO appears in the simulation; this is in con-
trast to conventional theory which gives a Lorentzian
form centered at E =0. This peak shifts to higher ener-
gies and smears as the temperature increases. The experi-
mental results are consistent with this picture. It should
be noted that the integrated intensity expected from the
CHN model without the resolution effects decreases
monotonically as the energy increases although the inten-
sity at co=0 is largely suppressed compared with normal
Lorentzian dynamical structure. To elucidate the reason
for this unusual energy dependence, we further simulated
the constant energy scans using the normal spin-wave
formulas as well as the normal paramagnetic scattering
cross section. The integrated intensities utilizing both
formulas were found to exhibit monotonic energy depen-
dences with peaks centered at E =0. Therefore, we
speculate that the unusual spectra shown in Fig. 10
reAect both effects; that is, resolution effect and a charac-
teristic form of S(q2D, co) which describes a spin wave
with a finite correlation length. It should be emphasized,
as just mentioned above, that the scattering function with
both a finite correlation length and a spin-wave disper-
sion relation suppresses the intensity at q =0 and co=0.
This reAects the crossover behavior from the overdamped
to the propagating regime combined with the resolution
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effects. So far such a crossover has been directly ob-
served by constant-q scans only in the 1D case, where
the critical regime is rather large even for classical spins
due to the one dimensionality. The characteristic energy
dependence shown in Fig. 10, therefore, is considered to
be evidence for the existence of the dispersion surface as
illustrated in Fig. 3. It should be noted that the plateau
or peak at EWO in Fig. 10 differs quantitatively from the
peak observed in constant energy scans of paramagnetic
scattering in the critical regime. The temperature
dependence of the integrated intensities is shown in Fig.
11; again, there is excellent agreement between experi-
ment and the CHN theory except in the elastic region.
The lines in the figure represent a smooth interpolation
between the results of the calculations at four tempera-
tures 290, 365, 413, and 518 K.

The 2D elastic component grows with decreasing tem-
perature more rapidly than the inelastic components as
shown in Figs. 9 and 11. Since this temperature depen-
dence seems to be related to the incipient 3D magnetic
order, we performed high-resolution measurements near
T~. The temperature evolution of the 2D component is
found to be much less divergent than that of the 3D order
as shown in Fig. 12. Therefore this component is not
diverging toward Tz but rather probably toward T=0.
However, once long-range order is established, the elastic
component of the magnetic rod begins to concentrate
onto the Bragg peaks thence causing a drastic drop of the
2D intensity below Tz (see Fig. 9). We speculate that
this E =0 component arises primarily from magnetic de-
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FIG. 11. Temperature dependences of the integrated intensi-
ties of constant energy scans across the magnetic rod at different
energies. The solid lines are the results of calculations utilizing
the CHN model.

fects and that it corresponds to a "central peak" by anal-
ogy with the central peak commonly observed at
structural phase transitions. Further measurements are
required to test this idea.

As emphasized in Ref. 2, La2Cu04 does not show the
dramatic critical slowing down behavior exhibited by
other planar antiferromagnets such as K2NiF~ (Ref. S)
and La2Ni04. The reason for this difference is now
clear. In the latter materials, the Neel transition is driven
by the crystal-Beld anisotropy so that the critical behav-
ior is that of the 2D Ising model. In that case the charac-
teristic frequency scales like g . However, in La2Cu04
the anisotropy plays a minor role and, as is evident from
Eq. (S), one expects coo-g '. In the well-correlated re-
gime when g/a —100 this will produce a factor of —100
difference in the characteristic energies.

In conclusion, our detailed quasielastic and inelastic
neutron scattering results show that the main features of
the spin fluctuations in La2Cu04 above T& can be well
understood within the quantum renormalized classical
spin model and indeed the overall agreement with the
CHN prediction is quite good. The deviation from the
Bose statistics observed above T& in the previous mea-
surement turns out to be a manifestation of the greatly
overdamped nature of the low-energy excitations. Below
T~, satisfactory agreement with normal spin-wave theory
is obtained except near T&.
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