
VOLUME 67, NUMBER 27 PH YSICAL REVIEW LETTERS 30 DECEMBER 1991

Observation of Chiral Spin Fluctuations in Insulating Planar Cuprates
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A recent theory of Raman scattering in the Hubbard model predicts scattering of Az symmetry aris-
ing from chiral spin fluctuations, In the doped planar cuprates, chiral spin fluctuations have been specu-
lated to play a central role in establishing the normal-state properties. In addition to spin fluctuation
scattering in the B],8 l, and B2 symmetries, we report here the direct observation of dynamic chiral spin
fluctuations, appearing in the inelastically scattered light of A2 symmetry. In Gd2Cu04, the 22 scatter-
ing broadly peaks near 4700 cm ' (—5J) and extends beyond 8000 cm ' (1 eV).

PACS numbers: 78.30.Hv, 75.30.os, 75.40.Gb, 75.50.Ee

A rather complete understanding of the dynamics of
the spin degrees of freedom in the cuprates has been
gained in the past few years through studies of inelastic
light scattering over large (—1 eV) energy shifts [1-3].
The spin-pair scattering, observed in the B], 4], and Bq
symmetry channels, has provided a quantitative picture of
the quantum spin excitations in the two-dimensional (2D)
spin- —,

' Heisenberg system.
Now, through experimental improvement and motivat-

ed by recent theoretical predictions [4], a new type of
light scattering, of 2 2 symmetry, has been observed in the
layered cuprates. This scattering results from a term in

the eAective scattering Hamiltonian proportional to the
spin chirality operator, QS;. (S~ &Si, ), and thus repre-
sents the spectrum of chiral spin fluctuations. In the
doped cuprates, chiral spin Auctuations have been invoked
to explain the normal-state properties [5-7], and Wen,
Wilczek, and Lee [5] have shown that the elementary ex-
citations of the chiral spin state obey fractional statistics.
An ideal gas of particles obeying fractional statistics has
been speculated to exhibit a superconducting ground state
[8].

Since the spin chirality appears in the scattering Ham-
iltonian, Raman measurements provide a direct probe of
dynamic chiral spin Auctuations in the cuprates. For the
insulating cuprates, which exhibit antiferromagnetic
ground states, the ground-state expectation value of the
spin chirality vanishes. Nevertheless, as we will show, dy-
namic chiral spin fluctuations are expected and observed
with inelastic light scattering. In order for the excitations
which we observe in the insulating materials to relate to
current theories of doped materials, some portion of their
spectral weight must be transferred to a quasielastic line,
with an extremely narrow width, well below 1 cm ' [7].
The observation of such a narrow quasielastic line lies
beyond the scope of the experiments presented here.

Our previous experiments [3,9] have shown quantita-
tive similarities among the 8 ], 8 ~, and 82 components for
the entire M2Cu04 series (M =La, Pr, Nd, Sm, Eu, Gd),
demonstrating that these features are intrinsic to the
Cu02 planes. In this work we focus on the tetragonal
materials [10] GdqCuO4 and PrqCu04, where crystals
with excellent surface quality have been grown. In these
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IFIG. l. Schematic of the apparatus used to obtain Raman
spectra for various polarization combinations.

crystals, the observed intensity of the Az component is
-50% of that of the B2 intensity. The A2 contribution
peaks at higher frequencies than scattering in the other
symmetry channels, consistent with estimates from spin-
wave theory.

The Gd2Cu04 and Pr2Cu04 single crystals are grown
from a CuO flux, as has been previously described [10].
Each of the as-grown crystals exhibits at least one highly
rejecting face, free of residual flux, and all spectra are
taken from as-grown surfaces. The basal plane dimen-
sions of the Gd2Cu04 and PrzCu04 crystals are 4x1.5
and 2x 1.5 mm, respectively.

The spectra are obtained with 30 mW from an Ar-ion
laser, focused to a line 0.1&1.5 mm on the samples at
room temperature. Two excitation wavelengths —4880
and 5145 A—are used to discriminate against fluores-
cence contributions. As outlined below, various experi-
mental polarization combinations, including circular, are
needed to extract the pure symmetry components. A
schematic figure of the experimental apparatus is given in

Fig. 1. To ensure that the correct polarization is main-
tained in the sample, the incident light direction is normal
to the sample surface. The polarization of the incident
light is varied using a Soleil-Babinet (SB) compensator,
which permits more convenient change of laser wave-
length than do the usual 4

- and —,
' -wave plates. The

backscattered light is collected with f/2. 5 optics, and im-
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where t is the hopping parameter, U is the on-site repul-
sion, p = ~x, ~y, and s„,= —c,„=—c—„„, and where
terms of higher order in spin operator and terms beyond
DNN have been suppressed. The B] contribution ap-
pears as the leading-order term in the t/(U —co) expan-

which appear on transforming the real-space spin opera-
tors in Eq. (1) to k-space spin-wave operators. This spec-
trum diverges at twice the zone boundary magnon energy,
which occurs at 4J for the Cu02 planes, where J is the
nearest-neighbor exchange energy in the 2D Heisenberg
Hamiltonian. The two magnons created in the scattering
event interact, however, leading to a broadening and
shifting to lower energy of the peak in the spectrum.
These magnon interaction eAects may be accounted for
with a proper Green-function calculation [17]. In partic-
ular, the spin-wave calculation including interaction
efl'ects [15] for a 2D Heisenberg antiferromagnet is in ex-
cellent agreement with the experimental data for K2NiF4
(S=1) [18]. An estimate of the efl'ect of interactions on
the scattering peak position may be obtained from a
heuristic local Ising picture. In this picture, the scatter-
ing arises from Aipping a pair of nearest-neighbor spins.
Since six neighboring spins are parallel to the newly
Aipped spins, the energy of such a process should occur at
3J, in reasonable agreement with the more sophisticated
Green-function calculation.

For the spin- —, case, the line shape obtained from
spin-wave theory is a factor of 3 narrower than the data
for the B~ symmetry shown in Fig. 2. The width of this
B] feature is well accounted for by quantum spin Auctua-
tions in the ground state of the spin- & 2D Heisenberg
H amiltonian, as calculated using an Ising series-ex-
pansion technique [1], and confirmed by cluster [19] and
Monte Carlo calculations [20].

The A~ and B2 scattering have been interpreted [1]
within the Ising series expansion, using an eAective
scattering Hamiltonian involving diagonal next-neighbor
(DNN) spin flips. The form of this Hamiltonian is the
same as Eq. (1), with o;~ replaced by a unit vector cr,',.

connecting a given site to a DNN site.
The scattering Hamiltonians introduced to describe the

B], 8 ), and B2 scattering all appear naturally in a recent
theory of Raman scattering in the Hubbard model [4].
In particular, Shastry and Shrairnan find contributions to
the scattering matrix element for the four symmetries of
the form

sion. The terms resulting in A~ and B2 scattering are
higher order in the expansion, and for co((U will be
much weaker than the B] scattering. That these sym-
metries appear in the data of Fig. 2 indicates that we are
near resonance. The matrix elements obtained from the
expansion confirm the previous choice of scattering Ham-
iltonian [Eq. (1)]. The scattering of A2 symmetry [Eq.
(5)], however, is of a new type, and allows for the direct
observation of dynamic fluctuations of the spin chirality.

While the Aq scattering appears in the same order as
the 3 ~ and B2 in the t/(U ro) e—xpansion, the first non-
vanishing contribution is of higher order in the spin-wave
expansion. Specifically, the matrix element for scattering
via the spin chirality term from the ground state to a
two-magnon final state vanishes. Consider a general
two-magnon final state, ~y). Light scattering constrains
the total momentum of this final state to zero; thus the
rnomenta of the two magnons must be equal and opposite.
Since the chirality operator, here denoted as j, commutes
with the total spin, 5= is preserved, forcing the two mag-
nons to have oppositely directed spins. Thus the state

~ y)
must be composed of a linear combination of states of the
form ~+,k)~ —,—k). Under the combined operations of
time reversal, 0, and a lattice translation, T, the ground
state is even, as is this two-magnon state,

~
y). The spin

chirality operator, however, is odd under these combined
operations, leading to the conclusion that the matrix ele-
ment, (@~/~0), vanishes.

A spin-wave calculation for four noninteracting mag-
nons yields an A2 symmetry peak near 6.2J, with a width
(FWHM) —1.3J [21]. Interaction efl'ects will reduce
the energy of the peak position and may be estimated by
the same heuristic local Ising picture adduced above to
estimate the B~ peak position near 3J. In the case of the
four-magnon contribution to the A2 scattering, four spins
in a row are flipped in a Neel ordered background [21].
This final configuration has ten nearest-neighbor spins
parallel to the newly Aipped spins, leading to an energy of
5J. Figure 3, which compares the B2 and A2 on an ex-
panded intensity scale, reveals that the spectral weight of
the 8 2 feature appears at a higher energy than that of the
B ~ feature in Fig. 2, which peaks near 2870 cm '. The
A2 feature exhibits a broad peak centered near —5J,
with spectral weight extending to higher frequencies than
the 8] component, in qualitative agreement with the
spin-wave estimate. Although this 3!2 scattering intensity
is small compared to the other symmetries, spectra taken
with the 5145-A Ar+ laser line confirm the Raman na-
ture of the feature. This A2 symmetry scattering is also
observed in very similar spectra for Pr2Cu04, as are the
8], B], and 82 features.

The four independent symmetries for the inelastic light
scattering from the square lattice have been separately
identified for Gd2Cu04 and PrpCu04. In addition to the
previously identified spin Auctuation scattering in the 8],
A], and B2 scattering channels, a new type of scattering
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B

Gd2Cu04

doping and temperature may clarify the nature and im-
portance of chiral spin fluctuations in the doped planar
cuprates.

We have greatly benefited from numerous helpful dis-
cussions with B. I. Shraiman and B. S. Shastry. We also
thank S. J. Duclos and H. L. Carter for technical assis-
tance.
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corresponding to dynamic fluctuations of the spin chirali-
ty has been observed in the A2 symmetry. This scattering
comprises —5% of the total integrated scattering intensi-
ty, and is very broad, extending beyond 1 eV. The posi-
tion of this A2 peak near 5J is in qualitative agreement
with expectations based on spin-wave theory. More so-
phisticated calculations which include the eAects of mag-
non interactions and quantum spin fluctuations are need-
ed to obtain quantitative agreement with the data. These
experimental results demonstrate that the Hubbard mod-
el accurately predicts the spin excitations of the insulat-
ing planar cuprates. Further experiments as a function of
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I IG. 3. Scattering intensity vs energy shift for the B2 and Ap
symmetries of GdqCu04 taken with 4880-A light on an expand-
ed vertical scale. The dashed lines are guides to the eye which
extrapolate the data linearly to zero.
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