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Time-reversal symmetry breaking in superconductors: A proposed experimental test
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We propose an experiment to test for broken time-reversal symmetry in the high-temperature super-
conductors. We configure a superconducting quantum interference device (SQUID) in a manner similar

to that used recently to test for d» symmetry, but where one junction is on a crystal face of arbitrary
x —y

angle. Assuming a d» +ied„~ symmetry, we calculate the magnetic diffraction patterns for the
x —y

SQUID for various values of e and angle. For any nonzero e, i.e., time-reversal symmetry breaking, we

find a nonzero circulating current spontaneously arises in the SQUID even in zero applied magnetic field

and zero bias current.

Among the more exotic theories of the high-
temperature cuprate superconductors are those based on
anyons and related gauge theories that break time-
reversal symmetry. ' A variety of tests have been carried
out to test for broken time-reversal symmetry in these su-
perconductors. To date, such symmetry breaking has
not been established. However, none of these tests was
specifically related to the superconducting properties of
these materials. Recent clarification of the form of the
superconducting order parameter predicted by these
gauge theories now permits construction of much more
direct tests. Here we propose a generalization of the re-
cent experiment of the University of Illinois group '

based on superconducting quantum interference devices
(SQUID's) to test for d-state symmetry of the order pa-
rameter in Y-Ba-Cu-0 that can in principle test for bro-
ken time-reversal symmetry. Moreover, the test provides
a very direct and physically transparent example of the
consequences of broken time-reversal symmetry in super-
conductors. Thus it is of conceptual value in its own
right.

The order parameter we specifically consider in this pa-
per has d & 2+i ed„symmetry. Time-reversal symme-x —y
try breaking is reflected in the fact that no gauge can be
found in which this order parameter is pure real. A de-
tailed derivation of this order parameter using anyon
methods is impractical in a short paper of this kind. We
shall therefore simply assert that it is implicit in the
anyon description and consider the experimental conse-
quences of its existence as an illustration of the kind of
behavior allowed by a T-violating ground state.

Consider the dc SQUID configuration shown in Fig. l.
The junctions of the SQUID are formed on the faces of a
crystal of a high-T, superconductor. The remaining wir-
ing is made from a low-T„s-state superconductor. Junc-
tion J& is formed on the face of the crystal at an angle 0
with respect to the face containing a second junction J2.
J2 is taken to be on either a (100) or (010) face of the crys-
ta1, i.e., on a face normal to either the a or b axis. Photo-

where 0 is the wedge angle shown in Fig. 1. From
KirchhoFs current law and the requirement that the su-

perconducting order parameter be single valued around
the SQUID loop, we then obtain the standard equations
for a dc SQUID

I
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FIG. 1. Configuration of high-T, —s-wave superconducting
dc SQUID.

exnission data have established that the maximum of the
order parameter lies along the a and b axes. The (001),
i.e., c axis, is normal to the plane of the figure.

Let us now evaluate the critical current of this SQUID.
Assuming that the barriers in J& and Jz are identical and
that the coupling process involves electrons moving pri-
marily in the normal direction, we obtain from the
relevant order parameters,

5,(8)=boI (cos 8—sin 8)+ is(2 sin8 cos8)],
62=60,

the junction critical currents,

IJ (8)=Io [(cos 8—sin 8) +E (4 sin 8 cos 8)]'~

IJ =Io,
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We emphasize that the spontaneously generated super-
currents described here are fundamentally different from
those generated in rings containing so-called m junctions,
and proposed as an explanation of the Wohlleben
efFect. ' In that case broken time-reversal symmetry
arises only when the inductance of the SQUID is large.
The symmetry breaking here occurs for junctions in the
small inductance limit and for any 0(8(n. /2, and EWO

We conclude with some observations relevant to exper-
iment. The results obtained here do not depend on there
being a true energy gap in the 8=m/4 direction, i.e.,
along the nodes of a d 2 2 symmetry order parameter.

It is well known that pair breaking can eliminate an ener-

gy gap but not destroy the order parameter. The results
do depend on the Josephson coupling being predominant-
ly due to electrons moving normal to the junction. Cou-
pling processes that involve electrons with transverse
momentum will tend to reduce the Josephson coupling
due to the effect of lobes of the order parameter of oppo-
site sign. Nonidentical barriers change the results only
quantitatively. We have not considered the possibility of
domain formation.

The execution of this experiment is not easy at present

due to the difhculty in cleaving, polishing or patterning a
crystal at an angle 8 between 0' and 90, such that the
crystal face is not composed of many facets at angles not
equal to 0 locally.

Since twinning is noted by Wollman et a/. not to affect
the results of their experiment, we propose that c-axis
thin films (which are known to have 90' twins) can be
used. As long as the twin boundary is not a weak link the
order parameter symmetry should be coherent across the
twin. Characterization of the angled face via microscopy
is very important in this experiment to determine the
directional coupling of the order parameter.

In the likely situation that the barriers are different for
the two junctions due to geometry or scattering con-
siderations, the result in the 8=m /4 case [Fig. 2(b)] will

be simply to affect the magnitude of the modulation but
not the offset of the maximum. The situation is qualita-
tively similar for 8%m. /4.
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