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Josephson Effect in Nb/Au/YBCO Heterojunctions
Gennady A. Ovsyannikov, Member, IEEE, Philippe V. Komissinski, Evgeni Il’ichev, Yuli V. Kislinski, and

Zdravko G. Ivanov

Abstract— -axis oriented and 11 tilted YBa2Cu3O (YBCO)
thin films were deposited on (110) NdGaO3 and (7 10 2) NdGaO3
substrates correspondingly. Nb/Au/YBCO heterojunctions were
fabricated using photolithography and ion beam milling. –
curves of the heterojunctions based on tilted YBCO films showed
zero bias anomaly conductance peak and large excess current. We
observed the second harmonic( sin 2 ) of superconducting
current in Nb/Au/YBCO heterojunctions in -axis oriented
YBCO films, although sinusoidal superconducting current-phase
relation has been measured for heterojunctions in tilted ones.
The obtained results are explained by symmetry of YBCO
superconducting order parameter.

Index Terms— -axis oriented YBCO films, heterojunctions,
Josephson effect, superconducting current-phase relation.

I. INTRODUCTION

T HE presence of the superconducting order parameter
with dominant -wave symmetry is now well

established in the most of the cuprate superconductors(see
review [1]). In orthorhombic material, such as YBaCu O
(YBCO), a finite -wave component is admixed and does
change sign across the twin boundary [2], [3]. In -het-
erojunctions (/denotes a tunnel barrier) even in (001) and
(110) orientations of ( is a superconductor with a pure
-wave symmetry of the order parameter, for example Pb or

Nb) this results in presence of both first and second
harmonics in fthe superconducting current-phase

relation (CPR) [4]. In this paper we report our results on two
types of Nb/Au/YBCO heterojunctions (HJ): HJ in (001)-ori-
ented YBCO films, where current flows mainly along-axis of
YBCO films ( -HJ); and HJ in (1 1 20)-oriented (tilted) YBCO
films ( -HJ), where -axis of YBCO film is turned through the
angle of 11. In the latter HJ current flows in the -plane of
YBCO due to a lower Au/YBCO interface resistance in the

-plane than in -axis of YBCO [5].

II. EXPERIMENT

150 nm thick epitaxial YBCO films were obtained using
pulsed laser deposition at 760–780C in 0.6 mbar of O. We
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Fig. 1. Schematic of the (1 1 20)YBCO film growth on (7 10 2) NdGaO
substrates. The angles between crystallographic axesa, b, c of (1 1 20)YBCO
film and a , b , c of the “standard” (001)-oriented one on (110) NdGaO
substrate areaa = 7:6 , bb = 7:9 , � � cc = 11 correspondingly.

used (100) SrTiO or (110) NdGaO and (7 10 2) NdGaO
substrates to grow (001)- and (1 1 20)-oriented YBCO films
correspondingly (see Fig. 1). The deposition conditions of
YBCO films on SrTiO and NdGaO substrates were slightly
different. The resulting YBCO films have the critical tempera-
ture of the superconducting transition ranging from 85 to
89 K, determined by the magnetic inductive measurements. The
in-plane critical current densities for (001) and (1 1 20)
YBCO films are higher than 5 10 A/cm and 5 10 A/cm
at 77 K correspondingly. X-ray diffraction analysis indicated
the uni-domain structure of the obtained YBCO films for both
investigated film orientations.1

The surface structure of YBCO films was investigated by
Atomic Force Microscope (AFM). Fig. 2(a) presents the result
of the cross-section analysis of the typical-axis oriented
YBCO film. One can see that the maximum peak-to-valley
roughness of the film surface is 3–4 nm, corresponding to
the tunneling area in the– -plane of YBCO less than 3%
of the total one. This fact points out the dominant-axis and
negligible – -plane current transport in-HJ fabricated in
these films [7]. Maximum peak-to-valley roughness of the
tilted film surface is much higher 25 nm and, in general,
depends on the tilt angle (see Fig. 2(b).

After cooling down to 100C and before vacuum breaking
the YBCO films werein-situ coated with a 10 nm laser de-
posited Au overlay. Later on, 7–30 and 100 nm thick Au and

1The suppression of the twin formation has been also observed for (1 1 20)
YBCO films [6].
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TABLE I
PARAMETERS OF THEMEASUREDHETEROJUNCTIONS

(a)

(b)

Fig. 2. AFM images of (a)c-axis and (b) (1 1 20)-oriented YBCO film surfaces
(left parts) and the cross-sections (right parts) performed along the white lines
on the corresponding left parts. The film thickness is 150 nm in both cases.

Nb films were deposited usingex-situelectron beam evapo-
ration and RF magnetron sputtering correspondingly. Photoli-
tography and Ar ion milling techniques were used to pattern
Nb/Au/YBCO multilayer into planar HJ of the areas
to 100 100 m [7].

Formation of undesirable edge contacts was prevented
by evaporation and patterning of 200 nm thick insulating
SiO layer. 200 nm thick Au leads and contact pads allowed
to perform 4-point electric measurements at temperatures

K K and under influence of mm-wave
radiation of 40–100 GHz. The table presents parameters of the
measured HJ.

III. RESULTS AND DISCUSSION

A. – Curves

1) -HJ: The – curves and differential resistancevs. bias
voltage dependences are shown in Fig. 3(a). The values
of for the -HJ are – A/cm at K, whereas

(a)

(b)

Fig. 3. (a) TypicalI–V andR (V ) curves of the Nb/Au/YBCOc-HJ with a
20 nm thick Au film, measured atT = 4:2K (solid lines). The fitting of theI–V
curve to the (1) (dotted line) and the Ohm’s lawV = IR (dash–dot line) are
also shown. The inset presents theI–V curve at small voltages,V � 300 �V;
(b) I–V andR (V ) curves of the Nb/Au/YBCOt-HJ atT = 4:2 K.

– V, where (2 mV) is the junc-
tion resistanse in the normal state. At mV the –
curves correspond to a Resistive Shunted Junction model (RSJ)
of the Josephson junction with the small capacitance (see inset
to the Fig. 3(a)). At high voltages the– curves of the -HJ
(Fig. 3(a)) can be approximated by the equation [8]

eV/KT (1)

Usually, the excess current can be observed in supercon-
ducting junctions with direct (nontunnel) conductivity. Current
deficiency is a characteristic feature of the supercon-
ducting double-barier HJ and exists together with the
proximity effect in the [8].

From the – curve of the junction shown in Fig. 3(a)
one can determine A at K.
Adopting the calculations [8] for this junction

A, where is
the transparency of the Au/YBCO interface averaged over the
quasiparticle momentums. –
is determined by – cm . Here

cm and nm is the resistivity and mean
free path in -axis direction of YBCO film, mV
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Fig. 4. The experimentalI (T )R dependences for thec-HJ (stars) andt-HJ
(squares). Solid line:I (T )R calculated from the (2) usingT = 7:4 K,
� = 20mV,� (0) = � (0) = 1:2mV and BCS temperature dependence
of� (T ). The experimental points forc-HJ are normalized by a factor of� �
0:48 to fit the (2) atT = 1:7K: if the finite s-wave component is admixed to the
d-wave YBCO order parameter and it does change sign across the twin boundary
[3] the net first orderI in c-HJ is reduced compare to the quasiclassical model
[7], [11].

and mV are YBCO and Nb superconducting gaps
correspondingly [2].

The observed dip in at mV and its tem-
perature dependence corresponds to (Fig. 3(a)) and disap-
pears together with the critical current at – K. Note
that similar gap features associated with-wave superconductor
(Pb) were previously observed in-HJ Pb/YBCO [1].

2) -HJ: Fig. 3(b) shows the– curve and depen-
dence for one of the-HJ at K. The narrow minimum
around zero voltage and dip of the at mV
characterize the critical current and correspondingly
(Fig. 3(b)). For the -HJ the critical current density is of the
same order of magnitude as for the-HJ: A/cm
at K, while the values of – V are
higher. But the – curves for the-HJ differ significantly from
ones for the -HJ. The relatively broad minimum of at

mV (caused by zero energy midgap states (MGS) near
the surface of d-wave superconductor) can be clearly observed
in the – curves of the-HJ (Fig. 3(b)) [9]. The excess current

is also presented in these– curves. So, the current
transport through MGS is quite significant [9].

B. Critical Current

1) -HJ: Fig. 4 presents the experimentally obtained
dependences for the-HJ (stars) and-HJ (squares).

Since no minimum of associated with the MGS has
been observed for the-HJ, we can fit their experimental

dependence within the quasiclassical model of the
superconducting current flowing through the energy states near
the superconducting gap [7], [10], [11]2

(2)

2The resistance of the Au/YBCO interface is about 10times higher than
that of the Nb/Au one, so we can neglect the contribution of the latter to the
total resistance.

assuming that , where the angle
determines the direction of the quasiparticles momentum,
and are the - and -wave superconducting gaps of YBCO
correspondingly, , and is the Boltzmann con-
stant.

The result of the calculations using the (2) is shown
in Fig. 4 (solid line) for K, mV,

mV and BCS temperature dependence
of .

2) -HJ: There are zero energy MGS levels in-HJ on (110)-
oriented -wave superconductor [9], [12]

(3)

where is the superconducting gap of the-wave su-
perconductor . These MGS levels are, in fact, the
additional channels for superconducting current. At low
temperatures (case (i)) ) a significant contri-
bution of MGS-channels to and the low-temper-
ature peak in together with the nonsinusoidal CPR

can be observed [12].
At higher temperatures (case (ii)) ,

, and .
In the experimentally studied -HJ Nb/Au/YBCO at

K – , and, assuming m eV,
K K, i.e., the case (ii) is realized. Taking

we have V which is very small value
compare to the experimentally measured V. In
addition, the experimental decreases with the increase
of temperature and has no low temperature peak. Therefore,
we can neglect the zero energy MGS channel of the supercon-
ducting current in our-HJ Nb/Au/YBCO and use the (2) to fit
the experimental dependence.

IV. CURRENT-PHASE RELATION

CPR measurements were performed using two different
techniques: a single-junction interferometer configuration
(RF-SQUID) [13] and measurements of the amplitudes of the
critical current and Shapiro steps arising on the– -curves
of the junction under external monochromatic electromag-
netic radiation of frequency [14]. Within the RSJ model
for the amplitudes of the CPR
harmonics determine the maximum values of the sub-harmonic
Shapiro steps. The sub-harmonic Shapiro step on the–
curve indicates the deviation of the CPR from the sinusoidal
shape [15].

1) -HJ: The typical CPR dependence of the-HJ, obtained
from the RF-SQUID measurements is shown in Fig. 5. At

K it has the sinusoidal shape. However, with decrease of tem-
perature the deviation of CPR from develops. At

K the ratio between the first and second harmonics of the
CPR is . The maximum has been
observed at the lowest measured temperature of K.

Measuring another-HJ on the same chip with the high-fre-
quency technique at GHz the first harmonic and sub-
harmonic Shapiro steps with have been ob-
served at K.
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Fig. 5. The experimental current-phase relation of the Nb/Au/YBCOc-HJ J9
at T = 1:7, 2.5, 3.5, 4.2, and 6.0 K (from top to bottom) measured by the
RF-SQUID technique.

Thus, the deviation of the CPR from the sinusoidal shape for
-HJ has been experimentally observed using both techniques

and caused by the dominant-wave order parameter symmetry
in YBCO.

2) -HJ: To estimate the CPR of the-HJ we have
measured – curves under monochromatic radiation of

– GHz. The first harmonic Shapiro step observed
in the – curve is symmetrical around the autonomous one
at small amplitudes of the external radiation pointing the
coherence of the Josephson oscillations in the studied-HJ.
However, no sub-harmonic Shapiro steps have been observed
in the – curves within the measurement accuracy, which is
determined by the noise current. The latter is equal to the
maximum deviation (in current) of the– curve from the
autonomous one at near the Shapiro step [16] and
for our measurement system is A at K, so
any steps larger than the can be experimentally detected.

The observed maximum of the first Shapiro step is 11A for
the measured-HJ and, again, no sub-harmonic Shapiro steps
have been observed. Thus, the CPR of this-HJ is
with the accuracy of 9% from the autonomousvalue.

The absence of the second harmonic of the CPR in-HJ
Nb/Au/YBCO following from the -wave symmetry of
the superconducting order parameter in YBCO probably is
caused by the small transparency of the Au/YBCO interface

– . Note, that in the asymmetrical 45bicrystal

Josephson junctions the averaged transparency can
be realized and the CPR is strongly nonsinusoidal [17].

In conclusion, Nb/Au/YBCO HJ fabricated in-axis oriented
and tilted YBCO thin films showed superconducting current
flowing through the energy states near the superconducting gap.
The measurements of the superconducting current-phase rela-
tion of these junctions using RF-SQUID and microwave tech-
niques revealed strong deviation of the CPR from the be-
havior for -HJ, following from the -wave symmetry of the su-
perconducting order parameter in YBCO. The measured CPR
of the -HJ is of the sinusoidal shape with the accuracy of 9%
from the autonomous value.
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