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The second harmonic in the dependence of a superconducting current on the phase difference of superconduct-
ing wave functions of the el ectrodes was observed experimentally in Nb/Au/(001)Y Ba,CuzO, heterojunctions.
Possible reasons for its appearance were discussed within the framework of a mixed (d £ s) symmetry order
parameter of Y Ba,Cu;0,. © 2001 MAIK “ Nauka/Interperiodica” .

PACS numbers; 74.80.Dm; 73.40.-c

It is presently known that the majority of metal
oxide high-T. superconductors (MOHTS) are charac-
terized by the d symmetry of the superconducting order
parameter [1]. This was most clearly manifested in
experiments on studying superconducting quantum
interference devices (SQUIDSs) containing junctions of
a conventional (with the s-type symmetry of the order
parameter) superconductor (S) connected to two
orthogonal directions of the MOHTS basa plane [2].
The problem of electron transport in MOHTS/S junc-
tions (here, the dash designates a potential barrier) in
the direction perpendicular to the MOHTS basal plane
still remains unclear [3-6]. Because of the d symmetry
of the order parameter in MOHTSs, the superconduct-
ing current in these heterojunctions must be small (pro-
portional to the second degree of the averaged interface

transmittance D° ) and must vary with the phase differ-
ence two times more frequently. That is, the supercon-
ducting current must contain a component correspond-
ing to the second harmonic of the current—phase rela-
tion (CPR) [7]. However, the critical current observed
in the experiments[3—6] multiplied by the normal resis-
tance depends only dlightly on the interface transmit-
tance; however, it decreases if an epitaxial MOHTS
film is used instead of asingle crystal [5]. The experi-
mental data can be explained based on the assumption
that the MOHTS is characterized by the mixed s—d
symmetry of the superconducting order parameter,
with the sswave component changing its sign (that is,
changing its phase by ) and the d-wave component
remaining unchanged at the twin boundary [6]. Study-
ing the appearance of microwave-induced Shapiro
steps in CPRs of Pb/YBa,CuzO, junctions demon-

strated that the second harmonic is absent in the CPR
with an accuracy of up to 5% [5].

In this work, we report an experimental study of
CPRs for heterojunctions constructed of niobium
(s-wave superconductor) and a c-oriented Y Ba,CuzO,
(YBCO) film with an additional gold interlayer
(Nb/Au/YBCO). The CPRs were measured using a
radiofrequency superconducting quantum interference
device (SQUID). The second harmonic of the CPR was
found in the experiment. Estimates were given indicat-
ing that electron transport in heterojunctions on (001)
YBCO is determined by the contact between the
s-wave and (d—s)-wave superconductors.

Epitaxia (001) YBCO films 150 nm thick were
grown by laser deposition on (001) LaAlO; and (001)
SrITiO; substrates. The superconducting transition tem-
perature of films was measured by the magnetic induc-
tion method and was found to be T, = 88-90 K. Imme-
diately after deposition, the YBCO film was coated
with athin Au layer without breaking a vacuum, which
prevented the YBCO surface from degradation. This
allowed interfaces to be obtained with alow character-
isticresistancer = RyA=10°-10°Q cm? (RyandAare
the normal resistance and the contact area, respec-
tively). The Nb film was deposited by dc magnetron
sputtering. Note that the direct Nb/Y BCO contact gave
the boundary with a considerably higher characteristic
resistance r ~ 102 Q c¢cm?. Photolithography and ion-
beam etching with low-energy argon ions were used to
form the geometry of Nb/Au/YBCO heterojunctions
(the thickness of gold is 820 nm, and niobium,
200 nm). The current in these heterojunctions flows
perpendicular to the substrate (along the ¢ axis of
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Fig. 1. (8) Two-dimensional profile of a(001) YBCO film obtained using an atomic force microscope; (b) film cross section. Num-
bersindicate film areas in which distances between the marks were measured. The largest horizontal and vertical distances between

the marks are 100 and ~3 nm, respectively; that is, y = 2°.

YBCO), and there is no contact with the basal plane of
theYBCO film 8, 9].

To reduce the effect of transport along the basal
plane due to the roughness of the surface, the growth
process was optimized with the aim to obtain YBCO
films with a smooth surface. The morphology of films
was monitored in test samples using a high-resolution
atomic force microscope. The greatest surface rough-
ness of the (001) YBCO films used in heterojunctions
(calculated as the difference between the points of the
maximum and minimum deviations from the substrate
plane) was 3 nm, with the horizontal distance between
these pointsequal to 100 nm (Fig. 1). Hence, thetypical
average angle of inclination of YBCO-film surface
areas to the (001) YBCO plane can be estimated at y =
2°. The contribution to the measured resistance of elec-
tron transport due to contact with the basal plane of the
Y BCO film was estimated by cal culating the character-
istic resistance r of the boundaries between Au and
YBCO [8, 9]. The resistance r of heterojunctions was
determined from the condition that the resistances of
the boundaries between Au and Y BCO aong the c axis
(r.) and in the basal plane of YBCO (r,,) are connected
in parallel. These resistances are due to the mismatch
between the Fermi velocities of the contacting materi-
alswith a sharp interface:

r= rcrab/(rab+rctany)1 (1)

where tany = A, /A, and A, isthetotal areaof contacts
with the basal plane of the YBCO film. The inclined
film surfaces were replaced by a set of (001) YBCO
planes and planes perpendicular to them with charac-
teristic resistancesr. and r,,, respectively. It was shown
in [9] for the typical Fermi-momentum anisotropy of
order 3 that r. exceeds r, by no more than an order of
magnitude. Hence, the current through the contact with
the basal plane is small for the surface roughness
observed experimentally (y = 2°). Thisis confirmed by

the absence of the conductance peak in Nb/Au/YBCO
junctions at temperatures above the critical temperature
of niobium and small biases [the anomaly caused by the
Andreev reflection in a d-wave superconductor (D)].
Theory predicts the appearance of the given anomaly
for a rough boundary of N/D heterojunctions (N is a
normal metal) even inthe case of an arbitrarily oriented
d-wave superconductor [10]. Note that the current
through superconducting short circuits formed by pin-
holes in the Au film between Nb and YBCO is small,
because r measured for the Nb/YBCO boundary
exceeds the resistance of the Au/YBCO boundary by
34 orders of magnitude [8].

Electrophysical properties were measured for more
than 20 single junctions of sizes from 10 x 10 to
100 x 100 um and five radiofrequency SQUIDs. The
table presentstypical parameters of single junctionsfor
which the critical current grows with an increase in
area. For the junctions studied, the critical current den-
sity was in the range j, = 1-12 A/cm?, whereas | R, =
1090 pV, where R is the normal junction resistance
determined from the differential junction resistance R,
at bias V = 2 mV. The current—voltage characteristic
(I-V curve) and the voltage dependence of the differen-
tial junction resistance R, are shown in Fig. 2. At small
biases, the junction 1-V curve closely corresponds to
the resistive model of a small-capacitance Josephson
junction. With increasing bias V > 2 mV, the |-V curve
takesthe form V = (I + IR, where |, < 0. The excess
current 1, > 0 is observed in al superconducting junc-
tions with direct (nontunnel-type) conductivity [11].
Negative I, (low current) is a characteristic feature of
superconducting two-barrier S/N/S heterostructures, in
which |, changesits sign (transition from excessto low
current takes place) asthe neighborhood effect inthe N
interlayer decreases [12-14]. Itisseenin Fig. 2 that the
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junction I-V curves at high biases are described well by
the equation [12]

V = IRy + | Rytanh(eV/KT), )

which istypical for S/N/S structures. For the junction
showninFig. 2, |,=-145 yA a T = 4.2 K. According
to the calculation [14], the experimental parameters of

the structures studied must give |, = (-D1Aygco —
Ay)/(eRy) = =270 YA, where r = 10°-10° Q cm?
determines the direction-averaged transmittance of the
Au/YBCO interface D; =2p /3r = 10410, AygcoiS
theY BCO order parameter, Ay, = 1.2 mV isthe Nb gap,
and p, = 102Q cmand | = 1 nm are, respectively, the
resistivity of and the mean free path in the YBCO film
in the c direction [9].

A singularity is observed in the Ry(V) curve as a
decreasein Ry at V = 1.2 mV, which corresponds to Ay,
in magnitude. Its temperature dependence is close to
that predicted by the BCS theory. The singularity in the
|-V curve disappears together with the critical current
at T =8.5-9.1 K. The temperature dependence I(T) is
closeto Aw,(T). Note that gap singularitiesin an s-wave
superconductor (Pb) were observed previously in
Pb/YBCO [5, 6].

In order to measure the CPR, a SQUID was formed
from ajunction 10 x 10 um in size short-circuited by a
YBCO film with an inductance L = 80 pH and by a
junction of aconsiderably larger area of 100 x 100 um.
The SQUID impedance was measured as a function of
the external magnetic flux @, with the use of an oscil-
latory circuit inductively coupled to aring. The phase
difference ¢ across the junction under study is deter-
mined by the magnetic flux in the ring ®; as follows:
¢ = 21d;/d,, where d, = h/2e = 2.07 x 10°T m?is

0.5
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Fig. 2. a |-V curve and b voltage dependence of the dif-
ferential resistance of a heterostructure at T = 4.2 K. The
dependence obtained from Eq. (2) isshowninthe |-V curve
by the dashed line; Ohm’slaw V = IRy is shown by the dot-

and-dash line.

the magnetic flux quantum. The CPR f(¢) = I(d)/I. is
determined from measurements of the phase difference
o between the driving high-frequency current and the
voltage across the circuit

tana = K°Qif'(9)/(L+icf'(9)), ©)

wheref'(¢) = df(d)/dd., ¢ = 2P JD, isthe normalized
external magnetic flux, i, = 2rLl J&, is the normalized
critical current of the junction, and Q isthe quality fac-
tor of the oscillatory circuit. The CPR is calculated
from experimental databy Eq. (3) ati, < 1. Inthiscase,
we neglect the effect of junction capacitance [15].

Experimental 1(¢) curves are shown in Fig. 3 for
several temperatures. Asthe temperature decreases, the

Parameters of the Nb/Au/YBCO heterojunctions measured at T = 4.2 K

Junctionno.| A, pm? d, nm le, UA Jo, Alem? Ry, Q pSF;N?rHZ IRy, UV | Anp, MV
01J1 100 20 5 5 4.4 44 22 1.2
0Q1J3 10000 20 181 1.81 0.15 15 27 -
S OINL) 100 20 15 15 18.3 18.3 275 0.8
SQ3J1 100 20 1 1 68 68 68 11
Q7J10 225 8 15 6.7 51 115 76.5 1.1
NQ7J11 10000 8 234 2.3 0.05 5 11.7 -
SQ7J3 625 8 20 3.2 13 8.1 26 11
N7J4 900 8 23 2.6 0.83 75 19.1 1.2
Q7J13 400 8 10 25 1 4 10 -
Q7J15 400 8 16 4 1.8 7.2 28.8 —
Q7J17 100 8 2 2 18.8 18.8 37.6 1.2
SQ7J18 100 8 3 3 10 10 30 -
SQ10J3 100 18 12 12 60 60 72 1.2
JETP LETTERS Vol. 73 No.7 2001



364
16 __T: 16K
12F
< L
e -
. 0.8F
~ |
04F
B T I
r 1 3 5
2 1 | I | TﬁK) | 1 1 1
0 0.2 0.4 0.6 0.8 1.0
o/'n

Fig. 3. Transformation of the CPR of a heterostructure as a
function of temperature. The inset shows the temperature
dependence of the first and the second harmonics of the
Fourier transform of CPR.

CPR exhihits a transformation that corresponds to the
appearance of the second harmonic of its Fourier
expansion in terms of ¢. Taking into account only two
harmonics, one obtains I($) = 1;sind + 1,sin(2¢ + @).
If, following [5], the occurrence of two harmonics of
the CPR is explained by the combined d- and s-wave
symmetry of theYBCO order parameter, then an agree-
ment with the experiment is observed for d—s (¢ = ).
Using the theoretical approach [7], according to which
the YBCO order parameter can be represented as
Dveco(6, W) = Ag_ypcoSIN?OCos(2y) — As_ygeo (B and
) are the azimuthal and radial angles, respectively),
and assuming that Ay,(6, Y) = 1.2 mV for niobium, we
find that the theory [7] gives the best agreement with
the experiment at T = 1.7 K for the following parame-
ters: Ay_veco = 20 mV, A,_yvgco = 0.45 mV, and the

averaged barrier transmittance D =3 x 1021

At the same time, the amplitudes of higher harmon-
ics of the expansion of 1 (¢) interms of sin(nd) for atun-

nel junction with interface transmittance D, are propor-
tiona to the higher degrees of interface transmittance
and to the gap ratio; that is, 1,/1; = D1 Any/As_ygco ~ D1
Hence, within the framework of this simple estimate,
[,/1; ~ 10-10°. However, the experiment at T= 1.7 K
givesl,/l; ~0.16. It may well be that the following two
factors are determining, although not taken into
account in these simple estimates.

The first factor is the twinning of the (001) YBCO
film, which leads to the sign reversal of the swave
component at the twin boundary and, hence, decreases
the amplitude | ; because of the mutual compensation of
contributions from the domains with different signs of

1 Avpcol(®, ) isnormalized as (1/2n) Jf)" Ig’ZAY Bco(®, W)sinBdody =
BDy_veeo[7]-
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s-wave component. In the case of equal areas of the
twin domains, |; must equal zero, and |; must increase

proportional to /N in the case of a random scatter of
twin-boundary sizes, where N is the number of twin
boundaries in the heterojunction [6, 16]. The depen-
dence of the critical current on the junction areain our

experiment is not proportional to /N (see table),
though this proportionality is typical for the random
distribution of twin domain sizes. In fact, acritical cur-
rent from an uncompensated part & of domains is
observed. The total superconducting current from the
s-wave component in a heterojunction of the same area
on an untwinned (001) YBCO film must be higher by a
factor of &2 In this case, the model of a Josephson
junction with an alternating current density [17] applies
gualitatively to the heterojunction under study. This
model predicts that the amplitude of the second har-
monic in the current—phase relation is significant [18].
However, further investigations are required for aquan-
titative comparison to be made between the theory and
experiment.

Note that the contribution of the d-wave component
is independent of the number and the size distribution
of twin boundaries and that we do not observe the
(d + is)-wave component (i isthe imaginary unit). This
component may arise either because of the influence of
twin-boundary vicinity, where the sign changes from
d+ sto d - s[16], or due to the sign reversa of the
s-wave component near the Y BCO film surface [19].

The second possible reason for the existence of
anomalously high I, is the fact that a Nb/Au interface

with transmittance D, = 10~ occursin Nb/Au/Y BCO.
It is evident in Fig. 2 that this interface affects the |-V
curve. Actually, the second harmonic of the CPR may
appear in the case of a strongly asymmetric two-barrier
structure [20]. On the other hand, simple estimates fol-
lowing from Eq. (9) of [20] indicate that I/, (0 D, for
the Nb/Au/YBCO heterostructures studied in this
work, and, hence, the second harmonic amplitude of
the CPR is small. However, the ultimate answer to the
guestion of the Nb/Au interface effect on the CPR in
Nb/Au/Y BCO heterostructures can be determined only
after accurate numerical calculations.

Note in conclusion that, although general regulari-
ties were found in the behavior of the heterojunctions
studied (I-V curve shape, temperature dependence of
the critical current, gap singularity due to niobium,
etc.), arather large scatter (up to 100%) was observed
for quantitative parameters such asinterface resistance,
critical current density, and ratio of the first and the sec-
ond harmonics of the CPR. Here, along with the
Au/YBCO interface, the Nb/Au interface and the twin-
ning of YBCO films are key factors that are difficult to
control by electrophysical methods.
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