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Pairing Symmetry and Flux Quantization in a
Tricrystal Superconducting Ring of YBa2Cu307—j
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%e have used the concept of flux quantization in superconducting YBa2Cu307 h rings with 0, 2, and

3 grain-boundary Josephson junctions to test the pairing symmetry in high-T, superconductors. The
magnetic flux threading these rings at 4.2 K is measured by employing a scanning superconducting
quantum interference device microscope. Spontaneous magnetization of a half magnetic flux quantum,
40/2 = h/4e has been observed in the 3-junction ring, but not in the 2-junction rings. These results
are consistent with d-wave pairing symmetry.

PACS numbers: 74.60.6e, 74.72.Bk

An unambiguous determination of the order parame-
ter symmetry is crucial to understanding the mechanism
responsible for high-temperature superconductivity in the
cuprates. For example, a d, 2—y2 symmetry [A(k) —k, —
k2 —cos28] in the pairing wave function will lend strong
support for pairing mediated by antiferromagnetic spin
fluctuations [1]. Theories such as the interlayer coupling
model [2] will be supported if s-wave superconductivity
can be demonstrated. On the other hand, the van Hove
model [3] is compatible with either symmetry. Recently,
there have been numerous experiments [4—6] dealing with
various aspects of pairing symmetry in high-T, supercon-
ductors. Unfortunately, the results are ambiguous. The
reports in favor of d-wave pairing are roughly equal in
number to those supporting s-wave symmetry. This un-
settling situation partially stems from the often indirect
nature of the experimental evidence, as well as experi-
mental issues such as sample quality, impurity scatter-
ing, twinning, and trapped magnetic flux. For details, the
reader is referred to Ref. [4].
In this Letter an experiment based on flux quanti-

zation of a three-grain ring of YBa2Cu307 s is pro-
posed and applied to test the symmetry of the pair state.
The symmetry of a pair wave function can best be
probed at the junction interface as the Cooper pairs tun-
nel across a Josephson junction or weak link [7]. The
sign of the Josephson current of a junction between two
d-wave superconductors depends on the relative orienta-
tion of their order parameters with respect to the junction
interface. As shown recently by Sigrist and Rice [8], the
supercurrent I,'~ can be expressed by

I;~ = (A'J cos28; cos28, ) sinlLP;. = I,'J sinb, P;, , (1)
where A'j is a constant characteristic of junction ij,
and 8; and 8, are angles of the crystallographic axes
(or equivalently wave vectors k and kY) with respect
to a junction interface (e.g., a grain boundary) between
superconductors i and j.
In the case of s-wave symmetry, the sign of I" is

a constant of 8;, 8J-, but its magnitude can vary due to
gap anisotropy. For the case of a single superconduct-

C,„,+ I L+ d@;, = n4, ,4p
2 J

(2)

where I„the current circulating in the ring, is given by

I, = I,' sind @i2 = I, sink@23 = I,"sinb, P;, . (3)

Equations (2) and (3) are valid for both s-wave and d-
wave rings. In the case of a ring with an odd number
of vr junctions, it is sufficient to consider the case where
only one critical current is negative (say I,' = —~l,' ~).
Then I, = ~I,'2~sin( —m + A@i2). For zero external field,4„,= 0, n = 0, and ~1,' ~

L && 40, I,"L && iI~0, the flux
quantization condition Eq. (2) will lead to the following
expression for the circulating current:

2m'(L/4O) + 1/ (I'2] + 1/IP + (4)

Equation (4) is essentially a restatement of the spontaneous
magnetization of an odd-number m. -junction ring.
It should be pointed out that the Sigrist-Rice formula,

Eq. (1), is based on an implicit assumption that the junc-
tion interface is perfectly smooth and without any disor-
der. In reality, the electron wave vector orthogonal to
the junction face can be significantly distorted by inter-
face roughness, impurities, strain, oxygen deficiency, etc.

ing ring with one Josephson junction, Sigrist and Rice
showed that, based on free energy considerations, the
ground state of a ring with one m. junction (i.e., I'~ &
0) has a spontaneous magnetization if the critical cur-
rent is sufficiently large. The magnetic flux threading
through such a m ring is exactly half of the flux quantum
(40/2 = Ii/4e = 1.035 X 10 Gcm ) when the external
field H,„,= 0 and the condition L ~1, ~

& 4O, where L is
the self-inductance of the ring, is satisfied. In the case of
a multiple-junction ring, Sigrist and Rice [8] suggested that
a ring of odd-number njunction. s will also exhibit 40/2
spontaneous magnetization. In the following, we show
that this is indeed true. In reference to the odd-number
n.-junction ring in Fig. 1 and Eq. (1), the flux quantization
of a superconducting ring can be written as follows:
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