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Josephson Effect in Nb/Au/YBCO Heterojunctions

Gennady A. OvsyannikgWember, IEEEPhilippe V. Komissinski, Evgeni IlI'ichev, Yuli V. Kislinski, and
Zdravko G. lvanov

Abstract—e-axis oriented and 12 tilted YBa.Cuz O, (YBCO) c'Il[1120]
thin films were deposited on (110) NdGaQ@ and (7 10 2) NdGaQ
substrates correspondingly. Nb/Au/YBCO heterojunctions were
fabricated using photolithography and ion beam milling. I-V
curves of the heterojunctions based on tilted YBCO films showed
zero bias anomaly conductance peak and large excess current. We
observed the second harmonid o sin 2¢) of superconducting
current in Nb/Au/YBCO heterojunctions in c-axis oriented
YBCO films, although sinusoidal superconducting current-phase
relation has been measured for heterojunctions in tilted ones.
The obtained results are explained byd £ s symmetry of YBCO
superconducting order parameter.

b'lI 10 20 1]
Index Terms—e-axis oriented YBCO films, heterojunctions, [ J4 N NI~~~ -~
Josephson effect, superconducting current-phase relation.

|. INTRODUCTION |4

. a'll[200 1]
HE presence of the superconducting order parameter

with dominantd?—2 (d)-wave symmetry is now well Fig. 1. Schematic of the (1 1 20)YBCO film growth on (7 10 2) NdGaO
estab"shed in the most of the Cuprate superconducm)'isee ;ubstrates; Tr,le a}ngles be;tween cr),/’stallographicm)@y of (1 1 ZO)YBCO
review [1]). In orthorhombic material, such as Y&2u;0, film and «’, ", ¢ of the "standard” (001)-oriented one on (110) NdGaO

substrate area’ = 7.6°,bb’ = 7.9°, o = c¢’ = 11° correspondingly.

(YBCO), a finite s-wave component is admixed and does
change sign across the twin boundary [2], [3]. @ D-het- _
erojunctions (/denotes a tunnel barrier) even in (001) atged (100) SrTi@ or (110) NdGa@ and (7 10 2) NdGa®
(110) orientations ofD (S is a superconductor with a pureSubstrates to grow (001)- and (1 1 20)-oriented YBCO films
s-wave symmetry of the order parameter, for example Pb @prrespondingly (see Fig. 1). The deposition conditions of
Nb) this results in presence of both fifst sin o) and second YBCO films on SrTiQ and NdGa@Q substrates were slightly
(O( sin 290) harmonics in fthe Superconducting Current-phaégﬁ:erent. The reSU|t|ng YBCO f|ImS haVe thelcr|t|ca| tempera—
relation (CPR) [4]. In this paper we report our results on twii'e of the superconducting transiti¢#.) ranging from 85 to
types of Nb/Au/YBCO heterojunctions (HJ): HJ in (OOl)-ori§9 K, determlned by the magqgtlc inductive measurements. The
ented YBCO films, where current flows mainly alongiis of  in-plane critical current densities/..) for (001) and (1 1 20)
YBCO films (c-HJ); and HJ in (1 1 20)-oriented (tilted) YBCO YBCO films are higher than & 10° A/em” and 5x 10" A/em
films (£-HJ), wherec-axis of YBCO film is turned through the at 77 K correspondingly. X-ray diffraction analysis indicated
ang|e Of 1%. In the |atter HJ current ﬂOWS in th@b_p|ane Of the uni-domain structure of the obtained YBCO films for both

YBCO due to a lower Au/YBCO interface resistance in th&vestigated film orientations.

ab-plane than inc-axis of YBCO [5]. The surface structure of YBCO films was investigated by
Atomic Force Microscope (AFM). Fig. 2(a) presents the result
II. EXPERIMENT of the cross-section analysis of the typicahxis oriented

YBCO film. One can see that the maximum peak-to-valley

150 nm thick epitaxial YBCO ilms were obtained Using ahness of the film surface is 3-4 nm, corresponding to
pulsed laser deposition at 760-780in 0.6 mbar of Q. We e tnneling area in the—b-plane of YBCO less than 3%

of the total one. This fact points out the dominardxis and
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TABLE | 19
PARAMETERS OF THEMEASURED HETEROJUNCTIONS
Ne A Je RGA 1.Ry —7
pum2 | Alem? | pQxem? | pVv 1 (:‘s;
c-HJ SQ1J1 100 5 4.4 22 = 50.:6
SQ1J3 10000 1.81 15 27 J
SQ1J5 100 1.5 18.3 27.5
SQ3J1 | 100 1 68 68 18
SQ7J10 225 6.7 11.5 76.5
SQ7J11 10000 2.34 5 11.7 41
SQ7J3 625 3.2 8.1 26
SQ7J4 900 2.6 7.5 19.1
SQ7J13 400 2.5 4 10
SQ7J15 400 4 7.2 28.8
SQ7J17 100 2 18.8 37.6
SQ7J18 100 3 10 30
SQ10J3 100 1.2 60 72 L AL B I DL B DAL R B
t-HJ J9 100 45 6 270 3r 410
J10 400 2.5 60 150 i
J11 900 14 108__| 156 2r 18
J12 900 0.2 360 80 ) I i
< -6
Z:5nm 3 Eor 1 <
JA‘ ﬂ# B 14 ﬂ.:o
SUTATWAN
S.b ot .W AT N - |
H‘ v 4 [ \!'L “ V-,'v"'r -2 2
X: 500 nm ot " \ 1;"' 1 A ]
Y: 500 nm \ ) R r, —Ho
0 200 400 600 BT
nm -15 -10 -5 0 5 10 15
(@) V, mV
Z: 50 nm 20 N ' v ' ' ' (b)
E10b Fig. 3. ‘(a) Typjcall—V andR, (V') curves of‘th‘e Nb/Au/YB(;Ck-HJ with a
c 20 nm thick Aufilm, measured & = 4.2 K (solid lines). The fitting of thd—1"
curve to the (1) (dotted line) and the Ohm'’s 1&v= I R 5 (dash—dot line) are

also shown. The inset presents thé” curve at small voltages; < 300 pV;

00 02 °-4unr?-6 08 1.0 () 71-V andR, (V) curves of the Nb/Au/YBCQ@-HJ atT = 4.2 K.

Y: 800 nm X:800 nm

(b) . .
Fin 2 AFMi f (@)-axis and (b) (1 1 20)-oriented YBCO film surf I.Ry = 10-76 uV, where Ry = R4 (2 mV) is the junc-
ig. 2. images of (a}-axis an -oriente ilm surfaces,: . : B
(left parts) and the cross-sections (right parts) performed along the white Iirﬂegn resistanse in the norm_aI_State' Rt<1 m\_/ the I-V
on the corresponding left parts. The film thickness is 150 nm in both cases. Curves correspond to a Resistive Shunted Junction model (RSJ)

of the Josephson junction with the small capacitance (see inset
Nb films were deposited usingx-situelectron beam evapo- to the Fig. 3(a)). At high voltages thie-V" curves of thec-HJ
ration and RF magnetron sputtering correspondingly. Photd{Fig. 3()) can be approximated by the equation [8]
tography and Ar ion milling techniques were used to pattern
Nb/Au/YBCO multilayer into planar HJ of the areds= 5 x 5 V = IRy + I.Ryth (eVIKT). 1)
to 100x 100 um? [7].

Formation of undesirable edge contacts was preventdgually, the excess currefit > 0 can be observed in supercon-
by evaporation and patterning Of 200 nm th|ck insu'atinaucting jUnCtionS W|th direCt (nontunnel) CondUCtiVity. Current
SiO, layer. 200 nm thick Au leads and contact pads allowetgficiency(l. < 0) is a characteristic feature of the supercon-
to perform 4-point electric measurements at temperatur@dcting double-baries’/N/S HJ and exists together with the
1.6 K < T < 300 K and under influence of mm-wave Proximity effect in the/v [8].
radiation of 40—100 GHz. The table presents parameters of thé"om the I-V" curve of the junction shown in Fig. 3(a)

measured HJ. one can determind, = -—145 pyA at T = 4.2 K.
Adopting the calculations [8] for this junction, =
lll. RESULTS AND DISCUSSION (—=DAvypco — Axp)/(eRy) ~ =270 pA, where D is

the transparency of the Au/YBCO interface averaged over the
A. I-V Curves quasiparticle momentums) = 2p.l/(3r) = 1071077
1) c-HJ: ThelI-V curves and differential resistanee bias is determined by = RyA = 107°-1076 Q - cm?. Here
voltageRR,(V') dependences are shown in Fig. 3(a). The valugs =~ 10~2 - cm and/ =~ 1 nm is the resistivity and mean
of .J. for thec-HJ are.J. = 1-7 Alcm? at7 = 4.2 K, whereas free path inc-axis direction of YBCO film,Aygco =~ 20 mV



OVSYANNIKOV et al. JOSEPHSON EFFECT IN Nb/Au/YBCO HETEROJUNCTIONS 883

200 L ' ' tT ' ] assuming thal\ypco = A, + Ay cos 26, where the anglé
| determines the direction of the quasiparticles momenti,
150 L ] andA, are thed- ands-wave superconducting gaps of YBCO
Z | correspondinglyA; > Ag, Axp, andk is the Boltzmann con-
F100 b ] stant.
=L ! The result of the calculations using the (2) is shown
50 - i in Fig. 4 (solid line) forT.xn, = 7.4 K, Ay = 20 mV,
] A5(0) = Anxp(0) = 1.2 mV and BCS temperature dependence
0 E of ANb(T)

A T 2) t-HJ: There are zero energy MGS levelgiilJ on (110)-
orientedd-wave superconductdiS/ D 110y) [9], [12]

T, K
Fig. 4. The experimentdl.(T)R x dependences for theHJ (stars) and-HJ En(ip) =4 AlAdD(a) S P R 3)
(squares). Solid lineZ.(T) R calculated from the (2) usin@.xi, = 7.4 K, 2A;+ D(0)(Aq — Ay’

Ay =20mV,A,(0) = Axp(0) = 1.2 mV and BCS temperature dependence

of Axy,(T). The experimental points ferHJ are normalized by a factor 6f~  where A; is the superconducting gap of thewave su-
0.48t0f|tthe(2)a1T:1./K:|fthef|n|tes-wavecomponentlsadmlxe_dtothe erconductor(ANb). These MGS levels are, in fact, the
d-wave YBCO order parameter and it does change sign across the twin boun a(rjy o .

[3] the net first order, in -HJ is reduced compare to the quasiclassical mod@dditional channels for superconducting current. At low
[71, [11]. temperatures (case (Y7 < DA,) a significant contri-
bution of MGS-channels td. « D and the low-temper-
gture peak inl.(T) together with the nonsinusoidal CPR
I (p) o sign(sin ) cos ¢ (0 < ¢ < m) can be observed [12].

The observed dip il?;(V) atV = 1.2 mV and its tem- At higher temperatures (case (i)DAs < KT)I. x D2,
I.Ry ~ A%D/ekT, andI (y) o sin 2.

perature dependence correspondatg, (Fig. 3(a)) and disap- A ,

pears together with the critical currentBt= 8.5-9.1 K. Note " the (_axperlm_e4ntaIIXS studiedt-HJ  Nb/Au/YBCO at
that similar gap features associated witave superconductor = = 4-2 KD ~ 107°-107, and, assuming\, = 20 m eV,
(Pb) were previously observed ifHJ Pb/YBCO [1]. DA4/k ~ 0.01K < 4.2K, i.e., the case (i) is realized. Taking

_4 . .
2) t-HJ: Fig. 3(b) shows thd—V curve andRy(V') depen- D ~ 107* we haveIcBN < 2 pV which is very small value
dence for one of theHJ atT — 4.2 K. The narrow minimum COMPare to the experimentally measufedy > 100 pV. In

around zero voltage and dip of the,(V) atV = 1.2 mV addition, the experimental.(T) decreases with the increase
characterize the critical current anfly, correspondingly of temperature and has no low temperature peak. Therefore,

(Fig. 3(b)). For thet-HJ the critical current density is of the W& €an neglect the zero energy MGS channel of the supercon-
same order of magnitude as for theiJ: j, = 1 — 45 Alcm? ducting current in out-HJ Nb/Au/YBCO and use the (2) to fit

atT — 4.2 K, while the values ofl, Ry — 80-270 uV are 1€ experimental. I (T') dependence.

higher. But the/-V curves for the-HJ differ significantly from

ones for thee-HJ. The relatively broad minimum dg, (V) at IV. CURRENT-PHASE RELATION

V' < 5 mV (caused by zero energy midgap states (MGS) nearCPR measurements were performed using two different
the surface of d-wave superconductor) can be clearly obserygghniques: a single-junction interferometer configuration
inthe I-V" curves of the-HJ (Fig. 3(b)) [9]. The excess current(RF-SQUID) [13] and measurements of the amplitudes of the
(I = I.) is also presented in theseV’ curves. So, the current critical current and Shapiro steps arising on thé/-curves

andAyp, = 1.2 mV are YBCO and Nb superconducting gap
correspondingly [2].

transport through MGS is quite significant [9]. of the junction under external monochromatic electromag-
netic radiation of frequencyf.[14]. Within the RSJ model
B. Critical Current for w = 2rhf./2el.Ry > 1 the amplitudes of the CPR

1) ¢-HJ: Fig. 4 presents the experimentally obtainef@rmonics determine the maximum values of the sub-harmonic

IRy (T) dependences for theHJ (stars) and-HJ (squares). Shapiro steps. The sub-harmonic Shapiro step onlt#ié
Since no minimum ofR,(V) associated with the MGS hasCurve indicates the deviation of the CPR from the sinusoidal
been observed for the-HJ, we can fit their experimental Shape [15] _ _
I.Rx(T) dependence within the quasiclassical model of the 1) ¢-HJ: The typical CPR dependence of thélJ, obtained
superconducting current flowing through the energy states n&@m the RF-SQUID measurements is shown in Fig. STAt

the superconducting gap [7], [10], [£1] 6 K it has the sinusoidal shape. However, with decrease of tem-
perature the deviation of CPR frorin ¢ develops. Atl" =
A Axp21n (LA,) 4.2 K the ratio between the first and second harmonics of the
LRy = Fexv ) (2) CPRisli/I> ~ 0.12. The maximum/; /> ~ 0.16 has been
(mela) ' observed at the lowest measured temperatuf@ ef1.7 K.

Measuring anothet-HJ on the same chip with the high-fre-
) ) ) . ) quency technique gf. = 40 GHz the first harmonic and sub-
2The resistance of the Au/YBCO interface is about tilnes higher than

that of the Nb/Au one, so we can neglect the contribution of the latter to dharmonic Shapiro steps with ;»/I; ~ 0.08 have been ob-
total resistance. served afl’ = 4.2 K.
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' ’ Josephson junctions the averaged transparéhey 10~2 can
16 7 be realized and the CPR is strongly nonsinusoidal [17].
- 1 In conclusion, Nb/Au/YBCO HJ fabricated inaxis oriented
1oL ) and tilted YBCO thin films showed superconducting current
flowing through the energy states near the superconducting gap.
1 The measurements of the superconducting current-phase rela-
< 0.8L _ tion of these junctions using RF-SQUID and microwave tech-
9 niques revealed strong deviation of the CPR fromsiler be-
I | havior forc-HJ, following from thed-wave symmetry of the su-
04} . perconducting order parameter in YBCO. The measured CPR
| | of the ¢-HJ is of the sinusoidal shape with the accuracy of 9%
from the autonomousg, value.
L | L
0'%.0 0.5 1.0
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Thus, the deviation of the CPR from the sinusoidal shape for
¢-HJ has been experimentally observed using both techniques

and caused by the dominatvave order parameter symmetry [ C. C. Tsuei and J. K. KirtleyRev. Mod. Phys.vol. 72, no. 4, pp.
969-1016, Oct. 2000.
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