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Raman scattering studies of La2CuO~ have revealed a high-frequency component {-3000
cm ') which we interpret as due to scattering by spin pairs. Comparison of the spectra with

those of K2Nipg leads to a value of J—1100 cm ' for the exchange interaction. The two-

dimensional nature of the fluctuations suggested by earlier neutron scattering work is indicated
here by the insensitivity of the spectra to temperature as well as to departures from stoichiometry

which strongly inhuence the three-dimensional ordering temperature T~.

A common feature of the high-temperature (30-100
K) superconducting oxides is the appearance of copper-
oxygen complexes'2 in the form of planes or chains in-
volving average effective copper valences between 2+ and
3+. There are theoretical reasons to believe that Cu-0
sheets may exhibit substantial two-dimensional correla-
tion3 in both the "2:1:4"and the "1:2:3"compounds. In
the case of the "2:1:4"'compounds such as LazCu04, ex-
perimental evidence has recently been forthcoming to sup-
port this idea. It has been conjectured3 that this tenden-
cy may provide key insights into high-T, superconductivi-
ty in the related, deliberately doped compounds. s

The many proposed microscopic sources for supercon-
ductivity in the copper oxides include magnetic or spin
Buctuations, although detailed calculations have yet to ap-
pear. Particularly intriguing observations which set limits
on the energy scales for nominally two-dimensional (2D)
spin fluctuations in LazCu04 have emerged recently from
quasielastic and energy integrated neutron scattering ex-
periments. These results have suggested that the spin
Suctuations above T~ (the temperature of onset for long-
range antiferromagnetic order in three dimennoILr) are
strongly two dimensional in nature, with an unusually
high dispersion at low wave vector. The limits of spectro-
scopic resolution for the neutron experiments suggest
that near the Brillouin-zone center, the 2D antiferromag-
netic spin Suctuations exhibit a dispersion slope greater
than 0.4 eVA. These Suctuations exhibit instantaneous
long-range correlation even well above Ty, leading the au-
thors of Ref. 9 to describe the state as a quantum spin
Buid. Such high-energy excitations would provide tempt-
ing grist for the theorist's mill relative to high supercon-
ducting transition temperatures. However, even discount-
ing the possible connection with superconductivity,
La2Cu04 represents a challenging embodiment of the
spin- & Heisenberg antiferromagnetic system in two di-
mensions, whose dynamics still represents an unsolved
theoretical problem.

In this paper we present the first direct determination of
spin Suctuation energies in LazCu04 by means of second-
order (or spin pair) inelastic light scattering. To a first
approximation, the results are easily interpreted by analo-

gy with previous'o studies of the insulating isomorph,
KgNipg.

Single crystals grown from oxide Sux, of nominal com-

position LazCu04, were examined by inelastic light
scattering with laser excitation wavelengths between 4529
and 5145 A.. The Sux-grown crystals were (001) platelets
with an extent of 6-8 mm, and a thickness of 1-2 mm.
(In our notation, z is perpendicular to the Cu-0 planes. )
Both as-grown and annealed samples were examined. In
most cases as-grown (001) faces were used, with and
without acid etching, and in one case a broken face nearly
parallel to (001) was employed for comparison of the xx
and zz geometries. The symbols x and y in what follows
denote two arbitrary, but mutually perpendicular, direc-
tions in the plane perpendicular to (001), with x perpen-
dicular to the scattering plane. Mechanically polishing
the samples substantially weakened and broadened the
features above 1100 cm ', hence, none of the samples
discussed here was polished. Although a variety of an-

nealing conditions was employed in an attempt to
infiuence Tlv, magnetic-susceptibility measurements
showed no significant anomalies between 4 and 300 K, in-

dicating that TN lies outside this range for all our samples.
Laser-plasma Buorescence lines were removed from the

incident beam using an Anaspec prism monochromator,
and the scattered light was collected at right angles to the
incident beam using an f/3 lens and suBIcient
magnification to match the f/6 optics of the Spex 1402
spectrometer employed. A spectral slit width of -10
cm ' was employed, with a step size of 10-13cm

Typical room-temperature scattering spectra are shown
in Fig. 1. The broad peak near 3000 cm is identified as
resulting from two-magnon scattering, while the sharp
peaks in the range 250-1500 cm ' are apparently of a
different origin. Possible alternate explanations may lie in

localized spin-Sip excitation s or phonon overtones,
perhaps related to impurity or defect structures. Further
experiments are necessary to determine their origin.

The focus of the present report is the magnon scatter-
ing, primarily manifested in the broad highwnergy feature
evident in the spectra in Fig. 1. The detailed shape of the
high-frequency tail is distorted by the combined grating,
spectrometer, and photodetector response as well as by
weak Buorescence components. The latter may be respon-
sible for a significant fraction of the intensity observed
beyond 4000 cm ' where the Raman feature is becoming
weak. Nevertheless, it is clear from the two spectra
shown, excited at 5145 and 4880 A., that the main feature
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FIG. 1. Two spectra obtained in yy (Brewster) geometry in

La2Cu04, excited by 1aser wavelengths of 5145 A (upper trace)
and 4880 A (lower trace). Laser power was 150 mW, focused to
a line 0.2&3 mm, with the sample cooled by Bowing He gas.
The sample was etched to remove Aux and annealed at 346 C.
Traces are oN'set 90 cps for clarity.
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where cr;J. is the unit vector connecting nearest-neighbor

is in fact due to an inelastic scattering process.
Figure 2 shows the polarization selection rules for the

3000-cm ' peak. The yy and xy components are similar
in size, and are far larger than the sz. Figure 3 compares
spectra obtained at 40 and 300 K, showing a slight
broadening and downward shift in the peak at higher tem-
peratures. As we now discuss, all of these attributes sup-
port our interpretation of the 3000 cm ' feature as aris-
ing from magnon pairs.

In principle, magnon-pair light scattering can provide a
quantitative determination of the entire magnon disper-
sion curve, since pair excitation spectra include contribu-
tions from the entire Brillouin zone. In particular,
K2NiF4 (a prototypical 2D Heisenberg antiferromagnet)
has been thoroughly understood on these grounds and pro-
vides a useful framework for a quantitative interpretation
of our La2Cu04 results. The zero-temperature magnon
energies are"

E) -(SJZ+gi H, )' —(SJzyk)', (I)
where yk & (cos(k„a)+ cos(k„a)l, Z 4 is the number
of nearest neighbors, S y, and J is the exchange in-
teraction constant. For both K2NiF4 and La2Cu04 the
anisotropy Seld H~ is negligible. We can also ignore the
departure from tetragonality (i.e., a~c 3.79 A) in
LaqCu04.

The scattering of an incident Seld E~ into a scattered
ffeld E2 by magnon pairs is described" by
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FIG. 2. Polarization selection rules for Raman scattering in

LaqCu04. (a) Two spectra obtained on an as-grown etched
facet in yy and xy geometries. Temperature is 12 K. Upper
trace is off'set 60 cps. (b) Two spectra obtained on a smooth
broken etched face parallel to z in xx and zs (Brewster)
geometries. Sample is at room temperature.

spin sites i and j.
Since for La2Cu04 the vectors cr;J. lie in the xy plane,

Eq. (2) predicts that the nonzero Raman tensor ele-
ments are a», a~~, and a,~. The components a», a»,
and a„should be forbidden. On the other hand, scatter-
ing from longitudinal ffuctuations such as plasmons, '

which might have similar energies, should exhibit
a»-a~~-a»&&a», a», a», contrary to our observa-
tions. The polarization selection we observe is thus con-
sistent with that expected for magnon-pair scattering.

Equation (I) predicts that the energy of a pair of zone-
boundary magnons is 2SJZ. Magnon-magnon interaction
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FIG. 3. Raman spectra obtained at two w'idely separated
temperatures in an La2-, CuOq+g sample gro~n with a 10% ex-
cess of La to reduce the value of x. Spectra are obtained at 300
and 40 K, on an etched as-grown face, in yy geometry, excited
by 4880 A radiation. Upper trace is offset 90 cps for clarity.

effects '3 reduce the energy of the peak in the magnon-pair
light scattering by approximately 2JS. Accurate account
of the spin- 2 system' gives a peak position of
F2 ~2.7J. Thus, our peak position of -3000 cm
yields the value J 1100 cm '. The dispersion relation
(1) then gives a zone boundary value of 2200 cm ' and a
slope near the zone center of SJZa/J2 5900 cm

0.74 eV A.. This value is thus consistent with, but con-
siderably greater than, the lower limit of -0.4 eVA im-

posed by the neutron scattering study. The larger slope
may indicate that our samples in fact have a different oxy-
gen content from those used in the neutron work and may
be antiferromagnetic at room temperature, a possibility
that is not excluded by the susceptibility measurements.

The renormalization of magnon-pair energies with tem-
perature is very slight in comparison with long-wavelength
single-magnon excitations because of the dominance of
short-wavelength (near zone boundary) magnons to the
former. ' '5 Typically, the magnon-pair spectral weight
shifts downward in energy between T 0 and T TN by
only -25% in 3D, ' and by less than 5% in 2D systems. '

Although La2- Cu04+s has been shown to sustain high-

energy spin Suctuations of 2D character, long-range anti-
ferromagnetic order develops in three dimensions at tem-
peratures which depend strongly on x and b in a manner
not yet understood quantitatively. Even so, the magnon-
pair spectrum should exhibit only slight modification be-
tween T 0 and T))T~. Again this behavior is con-
sistent with the observations reported here.

These light-scattering experiments thus provide the first
quantitative determination of spin-Suctuation dynamics in
the LazCu04 system. The results are consistent with but

go well beyond earlier neutron scattering results. Never-

theless, as encouraging as these new results appear,
several additional concerns must be mentioned.

The numerical estimate given above assumes that our
observation temperature is small compared to the spin-
wave energies, a condition that is certainly satisfied. The
3D T~ value for La2 „Cu04~s is sensitive to the value of
b, which may be modified by heat treatment subsequent to
growth. In addition, wet chemical analysis of the Sux-
grown crystals shows that for these large (several mm)
crystals x ranges from O. l to 0.2. The effec of x on T~ is
not known. Although we have employed crystals of
La2-„Cu04+s prepared at varying stoichiometry and un-

der a variety of annealing conditions to inSuence b, none
of our samples thus far has shown clear evidence of an an-
tiferromagnetic transition between 4 and 300 K in the
magnetic susceptibility. Nevertheless, we do not believe
that the 2D spin Suctuations are affected substantially by
the presence or absence of long-range order, as discussed
above.

It is also true that without further experiments we can-
not completely reject the possibility that this scattering is
due to an exciton. We regard this possibility as rather re-
mote, given the agreement we find with polarization selec-
tion rules and peak shape and the numerical consistency
between our results and those of the neutron scattering
study. It would require an unlikely coincidence for all of
these observations to relate to a process other than mag-
non pairs.

Finally, it is probable that nonzero x and/or 8 affects
the average Cu valence value, and hence its spin, which in

effect means that Laz- Cu04+s may behave more like a
somewhat diluted 2D antiferromagnet than as a pure one.
The detailed e6'ects of variations in x and 8 on the antifer-
romagnetism as well as on the superconductivity in these
materials clearly require further study. We do note, how-

ever, that we have observed similar scattering features,
less completely studied, in Ba2YCu30s, the nonsupercon-
ducting close relative of the "1:2:3"superconductor. We
do not yet know whether the existence of highly energetic
magnetic excitations in these "precursor" materials may
be related to the high value of T, in the closely related su-

perconductors. Even so, these systems, and LazCu04 in

particular, surely represent most interesting 2D magnetic
materials in their own right.

Note added. Subsequent to the above work, experi-
ments in samples oriented in the basal plane have revealed
a crucial difference between the selection rule behavior of
the sharp modes in the range 1200-1500 cm ' and that
of the broad magnon feature near 3000 cm '. Namely,
for yx polarization, when x is parallel to (110), both
features are absent. [Here (110) is the Cu-0-Cu
nearest-neighbor direction. ) However, when it is parallel
to (100) only the 1200-1500 features are absent. Since
the magnon feature is predicted to have intensity in the
latter case (and not in the former), this provides a
definitive basis for rej ection of a magnon-pair interpreta-
tion of the 1200-1500-cm ' peaks, and in support of our
interpretation given above.

We are indebted to B. Batlogg for carrying out the sus-
ceptibility measurements on our samples and also
to G. Aeppli and B.Batlogg for helpful discussions.
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