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Easy detectability of spin-1, orbitally nondegenerate centers by electron paramagnetic resonance fol-

lows from the existence of Kramers degeneracy, which is a consequence of time-reversal symmetry. If
the spin-1 centers in high-temperature superconductors and related insulators are not fermions but are
anyons, they will not obey time-reversal symmetry, their spin doublets will be split by inhomogeneous
internal local fields, and their EPR may then not be easily detectable.

Immediately after the discovery of superconductivity
in copper oxides,! Anderson® proposed that these mag-
netically “two-dimensional” compounds contained local-
ized copper-oxygen hybrid centers with spins 1 which
played an important role in the mechanism for supercon-
ductivity. The existence of these centers has been amply
verified by many experimental techniques such as NMR?
and neutron scattering,4 and their importance in under-
standing the nature of the superconducting process is
generally accepted. Since it is almost certain that the
spin-1 centers are present, it has been quite puzzling®
that they are totally invisible to the standard spectrosco-
py that can directly detect them, i.e., electron paramag-
netic resonance (EPR). To be sure, there are many exam-
ples in the literature where the observation of relatively
weak Cu’" signals have been reported in isolated cases in
these compounds. However, the nature of the Cu>** EPR
lines is such that if they are present, they will be enor-
mous and ubiquitous, as they are in the green-phase®
Y,BaCuO;. Many explanations have been proposed to
account for the absence of Cu?’” EPR, but none of them
are very convincing:

(a) In the metallic phases, the Kondo effect,” spinon-
holon scattering,® and heavy-fermion-light-fermion in-
teractions® have been invoked. However, all these mech-
anisms are dependent on the existence of conduction elec-
trons, which is apparently not necessary to quench the
signals that are also absent in the insulating counterparts.
Therefore, the reason must be deeper and one should not
complicate the problem by first considering the metallic
state. It is much simpler to concentrate on the insulators
La,CuO,, YBa,Cu,0, and especially the simplest insula-
tor, CuO.’

(b) In the insulating phases, many authors have accept-
ed the EPR absence as a manifestation of the resonating
valence bond (RVB) states’ which are constructed from
spin-1 pairs with § =0 ground states. This is certainly
not justified because at high temperatures (as high as 570
K) where EPR has been sought, there is no difference be-
tween the long-ranged RVB (Ref. 2) state and the ordi-
nary paramagnetic state. Short-ranged RVB,!? or any di-
mer state with .S =0 ground states, should have easily ac-
cessible S =1 excited states that would probably be visi-
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ble to EPR. It has been proposed!! that the zero-field
splittings of the S =1 manifold may be large enough to
prevent the observation of EPR even at very high fields.
However, the predicted magnetic susceptibility from
these latter states does not agree with experiment.’ In
fact, all high-temperature experiments are consistent with
an ensemble of spin-1 states and not with dimers of any
kind.

(c) Since it is well established that at high temperatures
these compounds can be accurately described as being
magnetically two-dimensional [with intraplane exchange
about 10° times larger than the interplane exchange], it
has been proposed>'>!3 that in the insulators, two-
dimensional magnetic fluctuations persist at high temper-
atures and the EPR linewidths vary as some function of
the magnetic correlation lengths. This explanation is also
not convincing for the following reasons:

(i) The most conservative estimate is that of Chakra-
varty and Orbach'> who, not knowing the correlation
functions, have made several approximations based on
various theories and admit to having overestimated the
fluctuation effects, and yet, according to their estimate,
the EPR linewidth for La,CuO, at 570 K should be at
most 5 kG. A simple calculation based on the sensitivity
of our apparatus shows that the signal with this linewidth
would be strong enough to be detected. Lazuta’s
analysis'® yields a linewidth of 600 G at 400 K for
La,CuO,.

(ii) By varying the oxygen contents, the Néel tempera-
tures and correlation lengths can be drastically reduced,
making the lines even easier to see at high temperatures.
No line has been seen'*'® even when T\, —0.

(iii) Although ordinary EPR has not been detected in
any of the black-phase insulators, Kindo et al.,'” in an
important paper, have reported the observation of pulsed
magnetic resonance in CuO; the linewidth is 16 kG at
room temperature. This is direct evidence that the local-
ized spin-1 centers postulated by Anderson? are actually
present, at least in CuO. The reason that they are
difficult to see is not that they are not there, but that the
EPR lines due to them are unusually and enormously
wide. But the most important aspect of their report is
that the linewidth, except in the close vicinity of Ty, in-
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creases with temperature, in contradiction with the mag-
netic fluctuation theories>!>!3 that predict sharp de-
creases in linewidths with increasing temperatures.

Not being totally satisfied with any of these complica-
tion explanations, one of course would like to find a sim-
ple explanation for this persistent =~ mystery. A possible
simple (though exotic) explanation can be found if these
spin- entities are not fermions but are anyons in a chiral
spin liquid state.’® 22 The basic requirement for the easy
observability of the EPR of spin-1 orbitally nondegen-
erate centers is the existence of Kramers degeneracy
which is a consequence of time-reversal symmetry. Non-
Kramers degeneracies,” 2° in general, are not easy to
detect because they are split by local random fields which
vary from site to site and broaden the EPR line. The
reason that spin-1 centers, such as those in the divalent
copper, are ordinarily so easily detectable in the
paramagnetic state, is that the Kramers degeneracies (in
fermions) are completely immune to local crystal fields,
strains, defects, Jahn-Teller, spin-orbit, spin-spin, or any
other internal time-reversal-symmetric interactions. To
split them, one has to introduce a time-reversal-
antisymmetric interaction. This is ordinarily achieved by
the Zeeman interaction, i.e., by applying an external mag-
netic field which is in general highly uniform; thus all
centers are split equally. If the spin-1 centers are not fer-
mions but are, because of magnetic two-dimensionality,
anyons, they will not obey time-reversal symmetry, there
will be no Kramers degeneracy, and the lines may be-
come too broad to be easily detectable by ordinary EPR.
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At the same time, this absence of Kramers degeneracy
for the spin-1 electrons would not strongly affect other
experiments such as NMR and neutron scattering that
indirectly detect them. While the temperature below
which the chiral spin liquid state sets in (if it does) is not
known, it is believed (by anyon advocates)'®?? that it
would be of the order of the antiferromagnetic exchange
parameter (~1000-1500 K), which is higher than the
highest temperature used in the EPR experiments (~ 570
K).

The explanation proposed in this paper, of course, does
not prove the existence of anyons. It simply points out
that if they exist, the spontaneous breaking of time-
reversal symmetry, caused by two-dimensional spin
statistics, would cause the EPR lines to be widened by
internal fields as they usually are in non-Kramers dou-
blets and the temperature dependence of their linewidths
will be consistent with what has been observed in cupric
oxide!” which contradicts all previous explanations.

The “negative” EPR results discussed in this paper are,
so far, the only experiments that are consistent with the
existence of anyons in two-dimensional copper oxides.
The only “positive” evidence for their existence, i.e., the
observation of circular dichroism,?’ appears to have been
invalidated by subsequent experiments.?®
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