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Understanding the nature of the ground state and its
low-lying excitations in the copper oxide superconductors
is a prerequisite for determining the origin of high-
temperature superconductivity. A superconducting order
parameter (that is, the energy gap) with a predominantly
de_2 symmetry is well-established. However, various
deviations from a pure d-wave pair state, such as the
possibility of Cooper pairing with broken time-reversal
symmetry or an admixed d,._ . + § pair state, have been
theoretically predicted and actively sought in numerous
experimental studies. Here, we present an angle-resolved
phase-sensitive technique for accurately determining the
in-plane pairing symmetry, and demonstrate this technique
in optimally doped YBa,Cuz07_s. We find that the gap along
the b-axis (Cu—O chain) direction is at least 20% larger than
that along the a-axis direction, and that any imaginary idyy,
is or ip component must be smaller than a few per cent of

the d,2_,» component of the gap.
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have played a crucial role in settling the decade-long d-wave

versus s-wave debate in favour of a gap with predominantly
d._, symmetry in various hole- and electron-doped cuprate
superconductors'™. There are, however, two important issues, the
possibility of broken time-reversal symmetry (BTRS) and the size
of the in-plane anisotropy in (for example) YBa,Cu;0,_; (YBCO),
that remain highly controversial. BTRS has been suggested to occur
either because of an intrinsic pairing process in the bulk™® or
extrinsically induced at surfaces or interfaces”. Although it is
generally believed that there is little BTRS in optimally doped bulk
cuprates”'’, there have been reports of BTRS in the pseudogap state
of underdoped cuprates from angle-resolved photoemission'>?
and polarized elastic neutron diffraction®, and several reports of
evidence for BTRS in the cuprate superconductors from tunnelling
measurements'*'¢. Many phase-sensitive experiments have sought
evidence of BTRS"*'”*, and concluded that, if present, it must
be quite small for many cuprates and over a broad range of
doping*. However, previous phase-sensitive measurements were
made in a limited number of geometries. For example, a two-
junction SQUID geometry in which the junction normals are
perpendicular to the a- and b-axes' is insensitive to an imaginary
d,, component, which has nodes along the a- and b-axis directions.
It is therefore important to perform phase-sensitive experiments
as a function of in-plane momentum. Such experiments have
been suggested to be sensitive to an imaginary component to
the order parameter'®?. Another possible modification of the
pure d-wave gap parameter is an admixed d,._,» + s pair state,
where s is the s-wave real component of the gap, as required
by group theory for the in-plane Cu-O lattice symmetry of
orthorhombic cuprate superconductors such as YBCO (ref. 2).
Although a d + s pair state in YBCO is established®'~°, reports of
the magnitude of the s-wave admixture vary. Moreover, it is now
established that, in cuprate superconductors, the low-temperature
properties such as penetration depth and thermal conductivity
are dominated by low-energy quasiparticle excitations across the
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nodes”. A precise knowledge of the momentum-dependent gap
function in the vicinity of the nodes in the d-wave order parameter
is important for understanding quasiparticle-related low-energy
phenomena in HTS. Attempts at such experiments®?* have met
with limited success.

The physics behind our experiment are well-established”. If
there is an intrinsic phase shift of 7 between the phases of the
normal components of the gap at the two junctions in a two-
junction ring (m-ring), spontaneous supercurrents will circulate as
the ring is cooled through the superconducting transition in zero
field. Rings without such an intrinsic phase shift (0-rings) will not
generate spontaneous supercurrents. In a st-ring with a sufficiently
large product of the ring inductance L times the junction critical
currents I, ,, the spontaneously generated flux will be close to
half of the superconducting flux quantum @, = h/2e, where h
is Planck’s constant, if there is no imaginary component to the
gap. However, if there is an imaginary component to the gap, the
spontaneous flux will deviate from ®,/2 or zero, depending on the
details of the ring geometry.

We concentrate in this article on two samples. In these samples-
72 rings are spaced by 400 um in a square array. A schematic
of a ring from sample 1 is shown in Fig. la. For this sample,
each ring has one junction with a fixed angle of —22.5° relative
to the majority twin a-axis direction in the YBCO, with the
second junction angle varying in intervals of 5°. An optical
micrograph of one ring is shown in Fig. 1b, and a scanning electron
microscopy (SEM) image of one of the ramp-edge junctions is
depicted in Fig. 1c. The ring geometries were optimized with several
considerations in mind. For our measurements it is desirable to
have large rings, because this leads to large I.L products, so that
the spontaneous magnetization is not reduced from the asymptotic
@,/2 value. Large rings are also easier to resolve with the SQUID
microscope. However, larger rings have smaller fields associated
with a given flux, making precision measurements more difficult,
and are also more likely to trap flux. It has been shown® that
vortices are unlikely to be trapped in a superconducting line of
width W if the ambient field is less than B, = n®,/4W?. For
W ~ 50 um, B, ~ 6.5 x 1077 T. We believe the ambient field
during cooling was less than 1077 T, from imaging the trapped
vortices in large areas of superconducting films. There are no
instances of vortices trapped in the ring walls or junctions in the
data presented here. It is important that the junction interfaces
are well-defined, clean and have a sufficiently high critical current
density. We have been able to satisfy these conditions using a special
fabrication process™.

For the fabrication of the YBCO/Au/Nb ramp-edge Josephson
junctions, first a 340 nm [001]-oriented YBCO and 70 nm SrTiO;
(STO) bilayer is epitaxially grown by pulsed laser deposition
(PLD). Then an array of YBCO semi-rings is defined using optical
lithography and Ar-ion milling. The structures are carefully aligned
with respect to the substrate main crystal axes. To ensure a
well-defined ramp for all junction angles, the samples are at an
angle of 45° with respect to the argon beam and rotated during
Ar-ion milling. To enhance the transparency of the junctions, a
7 nm YBCO interlayer® is deposited, followed by the in situ PLD
deposition of a 16 nm Au layer. The array of 160-nm Nb counter
semi-rings is defined by optical lithography and sputtering using a
lift-off mask. In the last step, the redundant uncovered YBCO/Au
layer is removed by Ar-ion milling. A similar fabrication process
was used to fabricate samples to measure the critical current as
a function of junction angle®®. As the experiments rely heavily
on the asymmetry in the a- and b-axis directions of the YBCO,
special care is taken to control the twinning. The films are grown
on [100]-oriented single-crystalline STO substrates with a vicinal
angle of ~1° to obtain untwinned YBCO films*. X-ray diffraction
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Figure 1 Experimental ring geometry. a, Schematic, b, optical micrograph and

¢, SEM micrograph of one of the rings of sample 1. In this sample, 72 rings were
spaced by 400 um on a square array, with the angles between the junction normals
and the YBCO crystalline axes varying in 5° intervals. Each ring has a YBCO section
with 15 um (65 pm) inside (outside) radius, contacting a Nb section with 20 um
(60 wm) inside (outside) radius through two ramp-edge junctions. One junction
normal angle was held fixed at —22.5° relative to the YBCO majority b-axis twin
direction; the other was varied.

reciprocal space mapping confirmed that the YBCO films are highly
untwinned (85% for both sample 1 and sample 2).

Our samples were imaged with a high-spatial-resolution
scanning SQUID microscope”. Figure 2b shows a SQUID
microscope image of one of the rings, cooled and imaged in zero
field. The spontaneous flux is clearly visible in the centre of the
ring; the ring walls are nearly invisible. Figure 2c shows images of
the rings in this sample, cooled and imaged in zero field, depicted as
a polar plot. This underlines the nearly four-fold symmetry of the
data, with the transitions between 0-rings and 7t-rings occurring at
angle of the variable junction normal 6 = 6, — 90° values close to
(2m + 1)45°, m being an integer. The deviations from four-fold
symmetry are systematic and are consistent with the gap being
larger in the b-axis direction than in the g-axis direction. The outer
circle of images are of the sample cooled in zero field, in which case
the rings either have zero spontaneous flux (fluxoid number n =0)
or spontaneous flux close to @,/2 (n=1/2). To test whether all of
the rings had sufficiently large junction critical currents to sustain
an appreciable circulating supercurrent, we recooled the sample in
a field of 0.2 uT, with the resulting images shown in the inner
semi-circle of Fig. 2c. In this case the 0-rings were either in the n =1
or 2 state, whereas the m-rings remained in the n = 1/2 state.

The solid points in Fig. 3 show the integrated flux in the rings
of sample 1, cooled and imaged in zero field. This integration
was done by first calculating the sum X,(A) =), @(n) of the
magnetic fluxes @,(n) threading the SQUID pickup loop for
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Figure 2 Schematic and SQUID microscope images of the rings of sample 1. a, Schematic of one ring, with the angles defined. b, An image of the ring with second
junction normal angle 6 = 167.5° relative to the majority twin a-axis direction, cooled and imaged in nominally zero field. Each image, of a square area 150 um on a side,
was taken with a square pickup loop 8 wm on a side, with a calculated effective pickup area of 85.3 um?, at 4.2 K. ¢, Images for all of the rings in sample 1 labelled by 6 and
arranged in a polar plot. The outer circle of images, taken after cooling in zero field, has a full-scale variation of 0.04 &, flux through the SQUID: the inner ring, taken after the
sample was cooled in a field of 0.2 uT, has a full-scale variation of 0.09 &,. The rings cooled in zero field were either in the n= 0 or the n=1/2 flux quantum states; the

rings cooled in 0.2 uT were inthe n=1/2, n=1 or n= 2 states.

all values of a circular integration area A. This sum is over all
data elements with r(n), the distance of the nth data element
from the centre of the ring, less than R, with A = xR?. With no
background magnetic field, ¥,(A) should increase with A until
A = A, corresponding to the area of the inner diameter of the
ring, and then be a constant proportional to the total magnetic
flux threading the ring until A = A,,,, the area corresponding to
the outer diameter of the ring, as the z-component of the field
directly above the superconducting ring is zero. We compensate
for constant offsets in the SQUID signal by fitting X.(A) to a
straight line between A;, and A .. After this linear background is
subtracted from X;(A) to obtain X*¥(A), the total flux through the
ringis @ =A ;a7 (Ag) /Ajoop, where A is the area per data point
(9 um?), Ay, is the effective area of the pickup loop (85.3 pum?)
and X¥(A,) can be evaluated at any value of A, between A,
and A, as by construction it is constant within experimental
noise between these values. Here we used the conservative values
Apin =500 wm? and A, = 1,000 um? to allow for variations in
the ring geometry and uncertainties in the ring positions. This
method for determining the total flux in the rings is independent
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Figure 3 Integrated flux through the rings of sample 1, as a function of 0, the
angle of the second junction normal relative to the majority twin a-axis
direction. The solid points are the data, the dotted line is the expected dependence
for a pure dyz_,» superconductor with g >> 1.
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Figure 4 SQUID images of sample 2. The inset shows the ring geometry, which is the same as sample 1, except one junction normal is parallel to the majority twin a-axis,
whereas the second has angle intervals of 0.5° in the nodal regions. The sample was cooled in zero field and imaged at 4.2 K with a square pickup loop 8 um on a side. The
images are labelled by 6, the angle of the variable junction normal relative to the majority twin a-axis.

of the height of the pickup loop above the sample surface within
the parameter ranges used in our studies, does not depend on the
details of the geometries of the rings, and produces values for the
total flux from Abrikosov vortices trapped in bulk superconducting
films in agreement with @ = &, to within a few per cent’. The
dotted line in Fig. 3 shows the expected behaviour for a pure d,._,»
pairing symmetry with a screening parameter 25tLI, ,/ ®, > 1. The
total flux in the st-rings is close to @,/2, whereas that in the 0-rings
is close to zero. If we write the angular dependence of the YBCO gap
as A(0) = A, + A._,2cos(260), where A, is the s-component and
A_, is the d,2_,» component of the in-plane gap, the node angle
should satisfy G0 = (1/2) cos™ (—A,/A,2_,2). As the boundary
between 0- and m-rings occurs between 37.5° and 42.5°, this
implies that —0.09 > A,/ A.._,» > —0.26. This should be taken as
an underestimate of the gap anisotropy, as twinning would tend
to reduce the deviation of the nodal directions from (2m + 1)45°.
Measurements of the critical currents of single YBCO-Nb junctions
made using the same technology, but with more highly untwinned
YBCO films, resulted in a reported gap 50% larger in the b than the
a direction®.

Sample 2 was made with intervals of 0.5° in the second junction
angle in the nodal regions. The results are summarized in Figs 4
and 5. In this case, the fixed junction had a normal parallel to
the majority twin a-axis direction. The SQUID images in Fig. 4
show that spontaneous magnetization occurs for 43° < 6 < 139°.
Systematic transitions between no spontaneous flux and full &,/2
spontaneous flux are visible because of the small steps in 6. The

nature physics | VOL 2 | MARCH 2006 | www.nature.com/naturephysics

solid points in Fig. 5 show the integrated flux from sample 2
cooled and imaged in zero field. The data have been shifted by
—1.5° along the 6 axis, to correct for a small misalignment of the
photolithographic mask with respect to the substrate crystalline
axes, taking symmetry around 6 = 90° as the criterion. The solid
line in Fig. 5 is a fit to the data as follows: consider a two-junction
ring with junction critical currents I, and I, and total inductance
L, in zero field. The condition of a single-valued superconducting
wavefunction leads to

€(6,,0,) —sin""(I,/1,) —sin""(I,/I,) — 2nLL ) &, = 2n, (1)

where €(6,, 6,) is the intrinsic phase drop in the YBCO between
the two junctions in the absence of applied fields or supercurrents,
0,, are the angles of the two junctions relative to the YBCO
crystalline axes, I, is the supercurrent circulating around the ring,
n is an integer and, assuming the standard Josephson current—
phase relationship, I, , =1, ,sin(¢; ,), where ¢, , are the quantum
mechanical phase drops across the junctions. The intrinsic phase
drop €(6,,6,) around the ring can be considered as the sum of
intrinsic phase drops €, across the individual junctions. If we
write the component of the YBCO gap along the junction normal
as A, =A, 1, +i4;,,, then €, =cos ' (A,,,/A,.,), where

t2=+/ A2, ,+ A}, ,. We assume the Sigrist—Rice form™ for the
junction critical currents: the critical currents are assumed to be
proportional to the component of the YBCO gap normal to the
junction. It is convenient to write the momentum-dependent gap
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Figure 5 Integrated flux through the rings of sample 2, as a function of 6, the
second junction normal angle relative to the majority twin a-axis direction. The
solid points are the data; the solid line is a best fit to the model described in the text,
with A(0) = A+ A,._,200(20), allowing g and A/ Ay to vary. The best fit
values were Ag/A_p =—0.10+0.02 and 40 < B < 150. The dashed line
shows the prediction for A(6) = A(0.9¢0s(26) +0.1icos(20 + 1t /4)).

as A, 1,(0) = AgF(6,,) with F(6=0) =1. Then I, , = [,F(6,,).
Equation (1) is solved for I for a given assumed functional form
F(0) for the gap at each angle: the total spontaneous flux through
the ring is given by @ = LI,. A fit between the resulting angle-
dependent Pyeory to the experimental P, using the inductance-
critical current product parameter 8 =2nLl,/ @, and A,/ A._p
as the two fitting parameters, gives A,/ A,2_» =—0.10£0.02 and
40 < B < 150, using a doubling of the x> =) .(Pexy — Piheory)’s
where the sum i is over all of the rings, from its lowest value
as a criterion for assigning parameter uncertainties. This best
fit value for A,/A._ is within the allowed spread of values
derived from sample 1 above. Measurements of control junctions
with junction normals parallel to the YBCO crystalline axes and
40 pm lengths gave critical currents of around 2.5 mA. Combining
this with our estimate of the ring inductance of about 55 pH
gives 8 ~ 400, somewhat higher than our fit value. However, as
indicated by the large errors, the fits are insensitive to the value
of B for B>> 1 and are highly sensitive to small systematic errors
in the integration of the flux. The dashed line in Fig. 5 shows the
results for a small imaginary d,, component. Similar modelling sets
upper limits of 2.5% on possible id,, (~cos(20+m/4)), is or ip
(~cos(6)) components.

The experiments described above are the practical realizations
of studies'>** aimed at quantifying deviations from a pure d._,.
symmetry, in particular BTRS states. Our results show that
the nodal direction in YBCO films with a predominant twin
orientation is shifted by at least a few degrees from the (2m+1)45°
angles expected for a pure d._, superconductor. From our
measurements, the pairing symmetry in YBCO has A,/ A, > ~
—0.1, implying that the gap is at least 20% larger in the b-axis
direction than in the a-axis direction, with imaginary d,,, s or p
components smaller than 0.025A ... Our results show that the
presence of the CuO chains along the b axis leads to a significantly
larger gap as compared with the a-axis direction. Furthermore, our
results underline the fact that BTRS is not associated with high-
temperature superconductivity in optimally doped YBCO.
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