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d-Wave—-Induced Josephson Current Counterflow in YBa;Cu3z07/Nb Zigzag Junctions
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Well-defined zigzag-shaped ramp-type Josephson junctions between YBa,Cu3O; and Nb have been
studied. The magnetic field dependencies of the critical currents provide evidence for d-wave—induced
alternations in the direction of the Josephson current between neighboring sides of the zigzag structure.
The arrays present controllable model systems to study the influences of 7 facets in high-angle high-T
grain boundaries. From the characteristics, we estimate a possible imaginary s-wave admixture to the

order parameter of the YBa,Cu30; to be below 1%.
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Based on various studies, e.g., [1—4], in recent years the
evidence for a predominant d,>-,2-wave symmetry of the
order parameter in the cuprate high-7, superconductors has
accumulated [5]. With this symmetry, the superconducting
wave function exhibits a 77-phase difference for orthogonal
directions in k space. From this, the intriguing possibility
arises to configure superconducting circuits in which part
of the Josephson junctions are biased with an additional
mr-phase shift (7 junctions). Examples of circuits incorpo-
rating 77 junctions are corner junctions [3], tricrystal rings
[2,4], and dc 77 SQUIDs [1,6,7]. In these structures, the
7 junctions are formed by connections between high-T,
and low-T, superconductors, or by using grain bound-
aries prepared by employing specially designed tricrys-
talline or tetracrystalline substrates. Resulting from the
geometrical limitations that are set by the use of such spe-
cial substrates, and to the difficulties faced in preparing
controllably high-quality junctions between high-7. and
low-T, superconductors, more complex geometries have
not been realized yet.

Multiple 0 and =7 junctions placed controllably at
arbitrary positions would enable more detailed and sys-
tematic studies on the order parameter symmetry and its
effects on Josephson devices, as well as the realization
of theoretically proposed elements for superconducting
(quantum)electronics [§—10]. It has been proposed, e.g.,
that the unusual behavior of high-angle grain boundary
junctions in high-7, superconductors arises from regions
along the interface that, due to their orientations, are
characterized by an additional m-phase shift [11,12].
With this, the grain boundary junction as a whole can
be envisaged as an array of O and 7 junctions. The
unusual electronic properties of the grain boundary
junctions include magnetic field dependencies of the
critical current I.(H,) that deviate strongly from the stan-
dard Fraunhofer-like pattern and even show maxima at
nonzero applied magnetic fields [13,14], the spontaneous
generation of unquantized magnetic flux [15,16], and
anomalous dependencies between the critical current and
the gauge-invarient phase difference over the junctions
[17,18]. The formation of the 7 regions in these grain
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PACS numbers: 74.20.Rp, 74.50.+4r, 74.72.-h

boundary junctions has been attributed to the combined
effects of the predominant d,>—,2-wave symmetry in the
high-T,. copper oxides and the faceted microstructure of
the grain boundaries [11]. As this faceting is uncontrol-
lable, such grain boundary junctions provide only limited
possibilities for more detailed and systematic studies, e.g.,
on the effects of spatial correlations in the sign changes of
the critical current densities on the electronic properties
of the Josephson contacts [12].

In order to realize designed complex geometries
incorporating many O and 7 junctions, sufficient flexi-
bility and control is required in the positioning of the
junctions. Furthermore, the junctions should be oriented
such that their interface normal vectors have a component
in the ab plane of the high-T, superconductor. A suitable
way to achieve this is in an all-thin-film process using
edge- [6] or ramp-type junctions between high-7, and
low-T, superconductors.

Recently, we have established a method to fabricate
high-quality ramp-type Josephson junctions between
thin films of the high-7,. and low-T, superconductors
YBa,;Cu307 and Nb [19,20]. Here, we report the reali-
zation and characterstics of arrays of up to 80 contacts
in the zigzag geometry shown in the inset of Fig. 1.
Analogous to grain boundary junctions, the individual
elements in the arrays are referred to as “facets.” Besides
demonstrating the feasibility to realize complex thin film
circuits consisting of a multitude of 0 and 7 junctions,
such structures provide a means to derive an upper bound
for a possible imaginary s-wave admixture to the order
parameter symmetry of the YBa,Cu3z0s.

In the employed configuration, all the facets are aligned
along a (100) direction of the YBa,Cu307, and are de-
signed to have identical (absolute) values of the critical
current densities J.. The facets oriented along one di-
rection are expected to exhibit an additional 7-phase dif-
ference compared to those oriented in the other direction,
due to a predominant d,:_,> order parameter symmetry of
YBa,Cu30;. Consequently, the entire structure can be en-
visaged as a one-dimensional array of Josephson contacts
with an alternating sign of J., i.e., exhibiting counterflow.
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FIG. 1. Calculated magnetic flux dependence of the normali-
zed critical current I./I.max(®P,) for an array of ten facets,
composed of standard and m-Josephson contacts. The inset
shows a schematic of the array, based on YBa,Cu3;0;/Au/Nb
junctions.

In the following, before discussing the experiments, a brief
theoretical background is provided on the expected mag-
netic flux dependence of the critical current for such arrays.

For a rectangular Josephson junction with dimensions
comparable to, or smaller than, a few times the Josephson
penetration depth A, the influence of magnetic flux origi-
nating from applied bias currents up to the critical current
I, is negligible. In this, A; is given by A; = \/ii/2euotJ,,
witht = Ap1 + ALz + d the magnetic barrier thickness;
Ar1 and Ap; are the effective London penetration depths
of the two superconductors on either side of the junc-
tion, and d is the thickness of the barrier material. Under
this condition, and presuming that along the junction the
standard dc Josephson relation J = J. sinA ¢ between the
local supercurrent density J and the gauge-invariant phase

difference A ¢ holds, the magnetic flux dependence of the
critical current /. of the junction is given by

sin(w® /D)

[e(®) = 7® /D,

ey

In this, the junction area equals A = ha, with h the
effective junction height and a the junction width; ®
denotes the magnetic flux coupled into the junction and
@ is the flux quantum: 2 X 107" Tm?. Equation (1)
describes the well-known “Fraunhofer pattern,” which is
the hallmark of small rectangular junctions with homoge-
neous current distributions.

The situation becomes somewhat more complicated
for arrays of 0 and 7 junctions, for which the corner-
junction configuration [21] represents the two-facet limit.
The 1.(P) dependence can be derived from the integral
critical current distribution along the array,

Z(f Johe"™ ¢ TIBx dx)
=1 (n—1)a

n

1(P) = . @

where N is the number of facets with facet length a, and x
is the coordinate of integration along the junction. The first
exponent in this equation is related to the order parameter
symmetry contribution to the phase difference along the
junction, which varies between 0 and 7 every next facet.
The term Bx in the second exponent describes the phase
difference at position x due to the applied magnetic flux, in
the usual way. Assuming a constant coupling strength be-
tween the electrodes throughout the array, yielding a con-
stant J., and a homogeneous distribution of magnetic flux,
integration of Eq. (2) results in an analytic expression for

| the maximum supercurrent as a function of the magnetic
flux as

(D) = J.hNa

o (S eon(

The magnetic flux dependencies resulting from Eq. (3), of
which an example is shown in Fig. 1, are identical to those
derived by Mints and Kogan [12], who used an alternative
approach.

Characteristic features of the I.(®) patterns for the
arrays are the occurrence of sharp maxima in /. for an
applied magnetic flux ®.x = N®p/2, and the vanishing
I. at ® = 0 for an even number of facets. Further, the
number of minima in /. in the flux range — Py < D <
D ax is predicted to equal N — 1. It is to be noted that
in this analysis possible self-generated magnetic flux is
not taken into account, which becomes important if the
facet length is significant in comparison with the local
Josephson penetration depth [16,22].
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For the preparation of YBa,Cu3;07/Au/Nb junctions,
bilayers of 150 nm [001]-oriented YBa;Cu307; and
100 nm SrTiO3; were grown by pulsed-laser deposition
on edge-aligned [001]-oriented SrTiOj3 single crystal
substrates, and zigzag structures were ion milled under
an angle with the substrate plane yielding a ramp with a
slope of 15°-20°. The in-plane velocity components of
the incident Ar ions were oriented along the YBa,CuzO5
(110)-direction, in order to create identical circumstances
for all facets. Then, a 6 nm YBa,Cu3;0; interlayer is
prepared, providing for a high-quality interface to the
subsequently in situ deposited 14 nm Au-barrier layer.
After preparation of the Au-barrier layer, a 140 nm Nb
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layer is deposited by dc sputtering. For further details
concerning the properties of junctions prepared in this
way, we refer to [20].

The measurements have been performed by a four-probe
method in a well-shielded liquid-helium cryostat (T =
4.2 K). In all cases, the magnetic field H, was applied
along the [001]-direction of the YBa,Cu3O7 unit cell.
Critical currents were measured with a voltage bias below
5 wV. Variations of the bias voltage in this range did not
affect the basic features in the I.(H,) characteristics.

Figure 2 shows a typical I(V) characteristic and 1.(H,)
dependence of a single YBa,Cu307/Au/Nb Josephson
junction. The I(V) characteristic is hysteretic, which is in-
dicated in the I.(H,) dependence with the black area. The
magnetic flux dependence resembles closely the Fraun-
hofer pattern described by Eq. (1), with a maximum in the
critical current of I, = 6.5 wA, corresponding to J. =
90 A/cm?, at zero applied magnetic flux. From this, the
Josephson penetration depth A; for these junctions is es-
timated to be approximately 40 um. The normal state
resistance R, of this junction equals 20 (2.

Figure 3(a) presents the I.(H,) dependence for an array
of eight facets of each 25 um width, placed in the zigzag
geometry of the inset of Fig. 1. Clearly, the maxima in
the critical current are now observed at a nonzero applied
magnetic flux, H, = 1.1 uT. At this field value /. equals
50 wA. The R, value is 1.5 (). In Fig. 3(b), the magnetic
field dependence of the critical current is shown for an
array of 80 facets of 5 wm width. Even these very com-
plex arrays show highly symmetric patterns with maxima
occurring at nonzero applied magnetic field, namely,
I. =41 pA at H, = 5.1 uT. For this array, the R, also
equals 1.5 Q). The ratios between the I, values at zero
magnetic field and the maximal critical currents are 17%
and 27% for the arrays shown in Figs. 3(a) and 3(b), re-
spectively. For an array of ten facets of 40 wm width, not
shown here, aratio as small as 6% was found.
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FIG. 2. Critical current /. as a function of applied magnetic
flux H, fora 50 um wide YBa,Cu3;0;/Au/Nb ramp-type junc-
tion, for positive and negative bias voltage of 2.5 V. The dark
area indicates the hysteresis in the current-voltage (I-V) char-
acteristic. The inset presents an /-V characteristic for the same
junction.
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Clearly, the field dependencies of the critical currents
for the arrays display the characteristic features indicated
by Fig. 1, namely, the absence of a global maximum at
H, = 0 and the sharp increases in the critical current at
a given applied magnetic field. This behavior can be ex-
plained only by the arrays being comprised of facets al-
ternatingly biased with or without an additional 7-phase
change. As all facets are aligned along the (100) axes of
the YBa,Cu30; and were prepared in an identical way,
intrinsic processes at the interfaces cannot be the cause of
these 7r-phase shifts, and the results thus provide further
compelling evidence for a predominant d,>—,> symmetry
of the order parameter in the high-7, cuprate. The normal
state resistances indicate slight variations in the interface
transparencies for the different junctions, which are posi-
tioned several mm apart. Such variations are not uncom-
mon for junctions involving high-7, superconductors.

Because of the orthorhombicity of YBayCu30O7, sub-
dominant order parameter components may be expected to
arise, e.g., as real or imaginary s-wave admixtures to the
dy>—>» symmetry. Various experiments are currently un-
dertaken to study such possible admixtures, often relying
on tunneling along the (110) direction of the YBa,Cu307,
which is the nodal direction of the d,2—,» symmetry com-
ponent. In such a configuration, it is difficult to distinguish
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FIG. 3. Critical current /. as a function of applied magnetic

flux H, for (a) an array of eight alternating O and 7 facets of
25 pm width (Vs = 1 wV), and (b) an array of 80 alternating
0 and 7 facets of 5 um width (Vs = 5 uV).
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FIG. 4. Calculated I./I.max(®,) dependence for an array
of ten facets, presuming the order parameter symmetry to be
di2—\2 + 0.1is. The imaginary s-wave induces asymmetries in
the I./I. max(®P,) dependence, especially around ®, = 0, as is
indicated with the arrow.

whether possible subdominant components are intrinsic to
the superconductivity in the YBa,Cu30O5, or whether they
are induced only locally by the particularities connected
with the (110) interfaces, e.g., the presence of Andreev
bound states [23,24]. Therefore, order parameter symme-
try test experiments that avoid such (110) surfaces, as is the
case for the arrays described here, are of particular inter-
est. If the order parameter were to comprise an imaginary
s-wave admixture, the I.(H,) dependencies for the arrays
would be expected to display distinct asymmetries, espe-
cially for low fields (see Fig. 4). From the high degree of
symmetry of the measured characteristics [Figs. 3(a) and
3(b)], we conclude that, if there is an imaginary s-wave
contribution, it will be smaller than 1%. We note that due
to the twinning in the films no conclusion can be drawn
about possible real s-wave admixtures. Furthermore, the
presented configuration is insensitive to possible admix-
tures of subdominant d,, components, as all facets face a
nodal direction of this symmetry component.

The I.(H,) characteristics of the arrays resemble in
their basic features the ones observed for asymmetric 45°
[001]-tilt grain boundary junctions [11,14]. This strongly
supports the hypothesis that the anomalous characteristics
for these grain boundary junctions are due to the occur-
rence of regions with additional 7r-phase shifts along the
interface.

Additionally, the influence of flux focusing, creating a
nonhomogeneous flux coupling to the junction [25,26] is
clearly visible in the characteristics of the arrays. The
local flux coupled to the junction is expected to be larger
in the center of the array than at the edges. As a result,
the shape of the major peak displays a sharp enhancement
in the critical current when reaching Hpax, followed by a
more shallow decrease in I, for larger applied fields. The
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effects become more pronounced for an increasing number
of facets in the arrays.

In conclusion, the realization and characteristics of
zigzag-shaped YBa,Cu307/Au/Nb junctions are de-
scribed. The I.(H,) dependencies of these structures
provide evidence for a Josephson current counterflow,
in agreement with a predominant d,»—,:-wave order
parameter symmetry of the YBa,Cu3O7. The highly
symmetric I.(H,) characteristics indicate that a possible
subdominant imaginary s-wave admixture to the order
parameter symmetry is below 1%.
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