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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 de‘yZ symmetry, but where one junction is on a crystal face of arbitrary

angle. Assuming a dxzﬁy2+iedxy symmetry, we calculate the magnetic diffraction patterns for the

SQUID for various values of € and angle. For any nonzero ¢, 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-O 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 dxz_yz—i-i €d,, symmetry. Time-reversal symme-
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. 1.
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 6
with respect to the face containing a second junction J,.
J, is taken to be on either a (100) or (010) face of the crys-
tal, i.e., on a face normal to either the a or b axis. Photo-
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emission 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 J, are identical and
that the coupling process involves electrons moving pri-
marily in the normal direction, we obtain from the
relevant order parameters,

A,(0)=Ay[(cos’6—sin’0) +ie(2sinb cosh)] , (1
A=Ay, (2)
the junction critical currents,
I, (0)=I,[(cos’0—sin’0)’ +€*(4sin’0 cos’0) %, (3)
1; =I,, 4)

where 0 is the wedge angle shown in Fig. 1. From
Kirchhoff’s 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:

High-T. crystal
normal-metal
barrier

s-wave
superconductor

FIG. 1. Configuration of high-T,—s-wave superconducting
dc SQUID.
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I=I;sing, +1, sing, , (5)
$1—dy+ 2;‘1’ +8(6)=n2r , ©)
0

where ¢, , are the gauge-invariant macroscopic quantum
phase differences across J; and J,, ® is the magnetic flux
in the loop, and

5(@)=tan"!(etan26) (7

is the phase difference across the high-T, superconductor
due to the assumed d-state symmetry of the order param-
eter. In the University of Illinois experiment, 6= /2
and therefore 5=7. When both superconductors have s-
state symmetry, 6=0. The dependence of & on @ is
shown graphically in Fig. 2(a) for various values of €.

For the particular case e=1, I; =I; =I,, independent

of 8, and Egs. (5) and (6) can be solved analytically in the
limit of weak shielding (i.e., I,L <<®,, where L is the in-
ductance of the SQUID) for the net critical current
through the SQUID as a function of the phase difference
6 and the applied flux ®,. The result is

TP, + )
P, 2

I.=2I, |cos

‘ (8)

which is shown in Fig. 3 for =0, 7/4, and 7/2. The
case 0=m/4(86=m/2) is particularly interesting because
it corresponds to the angle at which A(6) is pure imagi-
nary. We note that in this case the so-called magnetic
diffraction pattern I.(®,) is asymmetric. This asym-
metry is a consequence of the broken time-reversal sym-
metry. For 8=, as in the University of Illinois experi-

n T - —
(a) DT
e=0.01 :,

Y
o
N
1
w T2 1
]
e=1 { 1
Sy I
/.
g:()[/;:
-~
1 S
/
(b) '
0.8 [ ! 3
[
e=1 /
- 06 1 7
- / ;
, L
04T / h
82\0'.1 :
- s '-
02 __27e=001;
O -r——_— heceopmome==""" °
0 /4 /2

FIG. 2. (a) Phase difference across the high-T,. crystal vs the
angle of the first junction. This is plotted as a function of ¢, the
amount of id,, symmetry in order parameter. (b) Calculated
SQUID loop current vs the angle of the first junction, as a func-
tion of €.
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ment, the curve is shifted by ®,/®,=1 but is still sym-
metric. This is because this result is only sensitive to the
real part of the order parameter in Eq. (3), which has a
sign change but does not break time-reversal symmetry.

An even more striking consequence of the broken-time
reversal symmetry is seen by calculating the circulating
loop current I; in the SQUID in the absence of any bias
current or applied flux

I,(I=0,0,=0,e=1)=I,sin6 . 9)

Hence a spontaneous circulating current arises in the
SQUID due to broken time-reversal symmetry for any
0<6<m/2. Note that I; in Eq. (9) is indeterminate at
0=m/22 For 0=m/4, 8=m/2 for all €, and it is easy to
show that I, (§=m/4)=€/(1+€*)!/2. For general values
of €, Egs. (3) to (6) must be solved numerically. The re-
sults are shown in Figs. 2 and 3.
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FIG. 3. Critical current of the SQUID versus applied flux,
for (a) 6=0, (b) 6=w/4, and (c) 6=w/2. In the 6=0, 7/2
cases, the critical current is unaffected by €. For 6=m/4, the
curves are shown for various values of €.
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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 7 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 < 6 <7 /2, and €70.

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 dxz—yz 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
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due to the difficulty in cleaving, polishing or patterning a
crystal at an angle 6 between 0° and 90°, such that the
crystal face is not composed of many facets at angles not
equal to 6 locally.

Since twinning is noted by Wollman et al. 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 6= /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 6+ /4.
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FIG. 1. Configuration of high-T,-s-wave superconducting
dc SQUID.



