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We have used the concept of flux quantization in superconducting YBa,Cu;0;_; rings with 0, 2, and
3 grain-boundary Josephson junctions to test the pairing symmetry in high-7. 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,
®,/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.Ge, 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_,> symmetry [A(k) ~ k2 —
ky2 ~ co0s26] 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-7, 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 YBa,Cu30;-5 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 /¥ can be expressed by

17 = (AY cos26; cos26;)sinA;; = IV sinAd;;, (1)

where AY is a constant characteristic of junction ij,
and 6; and 6; are angles of the crystallographic axes
(or equivalently wave vectors k, and k,) with respect
to a junction interface (e.g., a grain boundary) between
superconductors i and ;.

In the case of s-wave symmetry, the sign of IV is
a constant of 6;,6;, but its magnitude can vary due to
gap anisotropy. For the case of a single superconduct-

ing ring with one Josephson junction, Sigrist and Rice
showed that, based on free energy considerations, the
ground state of a ring with one 7 junction (ie., 1Y <
0) has a spontaneous magnetization if the critical cur-
rent is sufficiently large. The magnetic flux threading
through such a 7 ring is exactly half of the flux quantum
(®9/2 = h/4e = 1.035 X 1077 G cm?) when the external
field H.x, = 0 and the condition L |I.| > ®,, 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 7 junctions will also exhibit ®,/2
spontaneous magnetization. In the following, we show
that this is indeed true. In reference to the odd-number
wr-junction ring in Fig. 1 and Eq. (1), the flux quantization
of a superconducting ring can be written as follows:

B + L+ 205 A, = by, @)
2 7

where I, the current circulating in the ring, is given by
I = I*sinA¢1, = [PsinA¢y; = [7sinA¢;;.  (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 7 junctions, it is sufficient to consider the case where
only one critical current is negative (say /12 = —|I1!2)).
Then I, = |I!?|sin(—7 + A¢y,). For zero external field,
@exy =0, n =0, and |[I2|L > @y, I/L > dy, the flux
quantization condition Eq. (2) will lead to the following
expression for the circulating current:

I = T _ (I)o

2w (L/®o) + 1/ 12 + 113 + - 2L

4)

Equation (4) is essentially a restatement of the spontaneous
magnetization of an odd-number 7 -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.
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To model the disorder effect, one can consider the conse-
quence of an angular deviation A@ from the perfect junc-
tion interface. The results of a straightforward calculation
can be expressed as

I, = 5 AY{cos2(6; + 6,)
+ BY (a)cos2(6; — 6;)}sinAdy; , &)

where BY (a) is a function of the angular distribution
probability P(8) of 6, and 6;, [*, P(6)d6 = 1,and a is a
measure of the angular variation of . As a consequence
of the fourfold symmetry in the Cu-O square lattice in the
CuO, planes, the maximum disorder at the grain boundary
corresponds to @ = /4. This leads to B (7 /4) = 0, and
a maximum-disorder formula for the circulating current:

19 =17 cos2(0; + 6;)sinA¢;; . (6)

Given Eq. (1) and Eq. (6), one can design a d-wave
pairing symmetry test for cuprate superconductors that
is valid for all cases. The basic idea of our experiment
is to fabricate a trigrain boundary-junction ring of high-
T. superconductor such as YBa,Cu3;O;-5. A scanning
SQUID (superconducting quantum interference device)
[9] microscope is then used to image the magnetic flux
threading through the superconducting trigrain ring to
search for the ®(/2 spontaneous magnetization.

The three-junction rings used in this work are fabri-
cated from epitaxial films of YBa,Cu30;_5 deposited on
a (100) tricrystal SrTiO; substrate [10] (Fig. 1) by us-
ing standard pulsed laser deposition. The YBa;Cu3zO7_;
film is c-axis oriented with ¢ = 11.685 A and a zero-
resistance transition temperature of 90.7 K. The mis-
orientation across each grain boundary in the tricrystal
substrate (as indicated in Fig. 1) was determined from
backscattered Kikuchi maps recorded from each crystal
using the electron beam probe of a scanning electron mi-
croscope. For each boundary the misorientation angle was
within 4° of the design misorientation angle of 30°. The
rotation axes of the boundaries was close to the normal to
the plane of the sample, showing that the boundaries are
primarily of tilt type character.

In this experiment, four rings (inner diameter 48 um,
width 10 wm) are patterned using a standard photolitho-
graphic process. To test the quality of the individual
grain boundary junctions across each grain boundary,
bridges 25 um in length and 10 um in width across
each grain boundary are prepared on bicrystal substrates
that were cut off from the tricrystal substrate. The
epitaxial YBa,Cu3;0;_s films for these junctions were
laser deposited in the same run and in close prox-
imity to the tricrystal substrate for the four rings.
The values of 1Y (JY) for these three test junctions
agree within 20%. I!? (J!?), for example, is found
to be 1.8 mA (1.5 X 105A/cm?). The resistance as a
function of temperature, R(7), for the bridge across
a grain boundary has a small shoulder below the
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FIG. 1. Schematic diagram for the tricrystal (100) SrTiO;
substrate, with four epitaxial YBa,Cu3;0; .5 rings.

T. (= 90.7 K) characteristic of a grain boundary weak
link. The IV curve (T = 4.2 K) exhibits a typical
resistively shunted Josephson junction characteristic.
From the /Y value and the estimated self-inductance
of rings (L = 100 pH) one finds that the LI/ product
is about 100y, easily satisfying the condition LIY >
®, of Eq. (4). Therefore, a spontaneous magnetiza-
tion of ®dy/2 at ®.,, ~ 0 should be observable in our
3-junction ring.

Figure 2 shows a scanning SQUID microscope [9]
image of the four rings in our experiment. This image
was obtained by scanning the pickup loop of a SQUID
[shown schematically in Fig. 3(a)] relative to the sample
at 4.2 K. The loop center was 10 um from the sharpened
tip of its substrate, which was in direct contact with the
sample, and rotated approximately 20° away from the
sample plane, with the leads oriented towards the top
of the image. The sample was mounted on a flexible
cantilever, so that the tip remained in contact while
scanning. The SQUID was operated in flux-locked mode,
with noise approximately 2 X 107°®,/Hz!/2. The ratio
of the mutual inductance between loop and ring to the
self-inductance of the ring is about 0.02, so that the effect
of the SQUID flux coupling back into the ring should
be small. Our interpretation of this image (run 12 in
Fig. 3) is that the upper-right and left 2-junction rings,
and the lower-right O-junction ring, have no flux threading
them, while the center 3-junction ring has 1/2 of the flux
quantum h/2e threading it. The outer control rings are
visible through mutual inductance coupling between the
rings and the SQUID loop. We determine the amount of
flux in the central ring as follows.

The mutual inducantance M(p) between a pickup loop
tilted at an angle 6 from the sample (x-y) plane in the
x-z plane, and a circular wire of radius R at the origin, is
given by
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cos@(R — ysing — xcos¢) — sinf(z cos¢)

M(p) = % [dzxjoz"dqs(

where the integral d%x is over the plane of the pickup
loop, and the vector p specifies the displacement of the
pickup loop with respect to the ring in the x-y plane.
We calculate M(0) = 2.4 pH for the as fabricated tip
centered above a 29 um radius ring, at a tilt angle of 20°.
A given flux @ threading a superconducting ring with
self-inductance L induces a circulating current I, = ® /L
around the ring, which in turn induces a flux ®.(p) =
M(p)® /L in the pickup (sensor) loop. We calculate the
inductance of our rings to be 99 = 5 pH.

The solid lines in the bottom part of Fig. 2 are model cal-
culations for the cross sections indicated by the contrasting
lines in the image, assuming ® = ®,/2 = h/4e in the 3-
junction ring. The asymmetry in the images results from
the tilt of the pickup loop, as well as the asymmetric pickup
area from the unshielded section of the leads. Using ®¢/2
for the flux in the 3-junction ring results in much better
agreement than would be obtained using ®.

Our value for M(0) was checked by positioning the
pickup loop in the centers of the rings and measuring the
SQUID output vs field characteristic. Representative re-
sults for the 3-junction ring are shown in Fig. 3(a). In
this figure a linear background, measured by placing the
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FIG. 2. Scanning SQUID microscope image of the four
superconducting rings in Fig. 1, cooled in a field <5 mG.
The dots are cross sections through the data as indicated by
the contrasting lines. The solid lines are calculations assuming
the 3-junction ring has ®,/2 flux threading it.

x2 + y2 + z2 + R? — 2xRcos¢ — 2yRsing)*?’

Q)

I

loop over the center of the O-junction control ring, has
been subtracted out. The upper inset in this figure shows
the sensor flux vs field characteristic over a larger field
range. At low fields stepwise admission of flux into the
ring leads to a staircase pattern, with progressively smaller
heights and widths to the steps, until over a small in-
termediate field range, shown for increasing field in the
main part of Fig. 3(a), single flux quanta are admitted.
At larger fields the steps disappear and the SQUID flux
vs field characteristic slowly oscillates about a mean line.
The heights of the single flux-quantum steps in the in-
termediate field region, derived by fitting the data with a
linear staircase (dashed line) are A®; = 0.0237®¢. This
is in good agreement with our calculated value of A®; =
M(0) ®y/L = (0.024 = 0.003) dy. Twelve repetitions of
this measurement, including measurements of both the 2-
junction and 3-junction rings, gave values of M(0) ®o/L =
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FIG. 3. (a) The measured SQUID flux vs field characteristic

with the SQUID pickup coil centered on the 3-junction ring.
The upper left inset shows the flux-field characteristic over a
larger field range. The lower right inset shows the geometry of
the SQUID pickup loop, with 1.2 um linewidths and spacings.
(b) The result of 12 separate cooldowns of the sample in
nominal zero field. The solid lines are our calculations for
the as-fabricated tip, the dashed lines include a correction for
tip wear.
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(0.028 * 0.005) ®,. The large uncertainties in these cali-
bration runs have two sources: Small misalignments in the
position of the loop relative to the center of the rings re-
sult in relatively large errors, as can be seen from the cross
sections of Fig. 2. Further, the step heights on average in-
crease with time, as the tip wore while taking =100 images
in direct contact with the sample, moving the pickup loop
progressively closer to the ring plane. Visual inspection of
the loop at the end of these measurements showed exten-
sive wear, such that the point of contact was within 2 um
of the pickup loop edge.

We calibrated our fields by replacing the sample with a
large pickup area SQUID magnetometer. Our measured
fields agree with our calculations to within about 3%.
The widths of the steps, averaging over 11 measurements
for increasing positive fields, was 5.7 = 1 mG. This is
about 25% smaller than AB = ®(/Ain,, Where Agpg =
2715 um? is the effective area of the rings. This is not
too surprising, given the nonequilibrium nature of the
flux penetration process, as indicated by the hysteresis
in the flux-field characteristic. The average slope of
the flux-field characteristic does, however, agree within
experimental error with the effective area of the rings.

Figure 3(b) summarizes the results from 12 cooldowns
of the sample. We plot the absolute value of the
difference between the SQUID loop flux in the centers
of the 2-junction or 3-junction rings, and the O-junction
control ring. Since each point was taken from a full
image, we could judge the center of the rings with
accuracy, and our data scatter is much smaller than in
the calibration runs. The solid lines are the expected
values for the flux difference, calculated as described
above. In all of our measurements A® always fell close
to (N + 1/2)h/2e for the 3-junction ring, and close to
Nh/2e for the 2-junction rings (N an integer). However,
there is clearly some drift to the data, which we associate
with tip wear. A fit to the eight ®,/2 points in Fig. 3(b),
assuming exactly h/4e flux threads the 3-junction rings,
implies that the mutual inductance M(0) = 2.4 pH for the
as fabricated tip, and increases to 2.9 pH at the end of
the series. For comparison, our calculations give 2.4 pH
for the center of the loop 10 um from the tip end, and
2.7 pH for the tip end just at the edge of the pickup loop.
The dashed lines, including this correction to the mutual
inductance, agree remarkably well with the data.

One can infer the inductance of the rings from the
high-field asymptotic difference between the flux in a
ring with junctions and the flux in the ring without junc-
tions (Fig. 3). At the end of our measurement series this
(SQUID) flux was (4.0 = 0.2)®/G of applied field. Us-
ing L = AingM(0) / (d®,/dB), and a mutual inductance of
2.9 pH, gives L = 95 * 5 pH, in good agreement with our
calculation of L = 99 = 5 pH. For our present interpreta-
tion to be incorrect, (1) our calculations of the inductances
would have to be incorrect by a factor of 2, (2) the flux
steps in our calibration runs would have to go immediately
from 2 flux quanta/step.to no steps, and (3) the flux in the
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3-junction ring would have to always be odd-integer values
different from the control ring, while the 2-junction rings
would always have to have even integer differences from
the control. This seems extremely unlikely.

Although our results are consistent with d-wave pair-
ing symmetry, this experiment alone cannot rule out even
parity states with an order parameter symmetry varying as
A ~ cos(40) [11]. It has also been proposed that mag-
netic spin-flip scattering or correlation effects at the grain
boundary can induce a 7 shift in the superconducting or-
der parameter phase at each grain boundary [12].

In summary, we have directly observed for the first time
spontaneous magnetization of +*®(/2 in a 3-junction ring
of epitaxial YBa,Cu3zO7-5. This observation supports d-
wave pairing symmetry.
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FIG. 1. Schematic diagram for the tricrystal (100) SrTiO;
substrate, with four epitaxial YBa,Cu,0,_; rings.
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FIG. 2. Scanning SQUID microscope image of the four
superconducting rings in Fig. 1, cooled in a field <5 mG.
The dots are cross sections through the data as indicated by
the contrasting lines. The solid lines are calculations assuming
the 3-junction ring has @,/2 flux threading it.



