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Transport characteristics of ramp-type YBa2Cu3O7Àd ÕPrBa2Cu3O7Ày ÕYBa2Cu3O7Àd

Josephson junctions

J. L. Sun and J. Gao
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong

~Received 10 May 1999; revised manuscript received 14 September 1999!

The transport behaviors of YBa2Cu3O72d /PrBa2Cu3O72y /YBa2Cu3O72d junctions with barrier thickness
ranging from 6 to 30 nm were studied. In these junctions, the existence of a proximity layer was confirmed by
the appearence of a temperature-dependent coherence length. The structure of the junctions changed from SNS
to SNINS with increasing barrier thickness. It was found that the quasiparticles transport through a thin barrier
by metallic conduction and through a thick barrier by tunneling conduction. In junctions with a moderate
barrier thickness, we found a subgaplike feature in the conductance-voltage curves, which could be related to
multiple Andreev reflection in a SNcNS Josephson junction. For junctions with a thick barrier, the dependence
of conductance on temperature could be well fitted by theT4/3 law. This suggested that the quasiparticles
transport across a thick PrBa2Cu3O72y barrier layer via two localized states in an inelastic tunneling process.
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I. INTRODUCTION

High-Tc Josephson junctions with PrBa2Cu3O72y

~PrBCO! as barrier layer have been intensively investiga
since they were first introduced in 1991.1,2 PrBCO is selected
as a barrier layer because of its small lattice mismatch w
YBa2Cu3O72d ~YBCO!, similar fabrication conditions as
that of YBCO, and small interdiffusion at the YBCO/PrBC
interface. With PrBCO as a barrier material, the station
properties of the junctions have been studied by sev
groups.3–5 The temperature dependence of the critical curr
reported by different groups varied from quasilinear,
2T/Tc)

2 to exponential dependence.3,4,6 The divergence of
these works is partly due to the complexity of the propert
of PrBCO film. Currently, the transport behavior of char
carriers in PrBCO is a controversial topic. Transport in t
bulk material of PrBCO was commonly described
variable-range hopping. However, Leeet al. reported the co-
existence of nonmetallic hopping conduction with meta
Boltzmann transport on highly oriented PrBCO thin film
deposited on LaSrGaO4 substrate.7 The hopping was as
signed to the CuO2 planes, while the metallic transport aris
from the CuO chain structure. Recently superconductiv
has been found in small bulk PrBCO samples grown by
traveling-solvent floating-zone method.8 Kabasawaet al.
studied the size effect on transport properties of PrBCO
ing planar-type junction specimens. Metallic transport b
havior was observed for a small PrBCO brid
(,0.2 mm).9 From these experimental results, transp
properties for junctions with different PrBCO barrier thic
ness are expected to be very different. To understand
dependence of junction properties on the barrier thickn
we studied the nonstationary as well as stationary prope
of the junctions with different barrier thickness. Nonstatio
ary properties of junctions have been studied by relativ
few groups compared with the study of stationa
properties.10,11 The results in Ref. 10 indicated that bo
Cooper pairs and quasiparticle transport through PrBCO
PRB 620163-1829/2000/62~2!/1457~7!/$15.00
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riers are by a tunneling process, while subgap structu
resulting from multiple Andreev reflection, indicate the ex
tence of a proximity layer in the barriers region.11 In our
experiment, the differences in physical properties of jun
tions with thin and thick barrier were analyzed and carefu
compared. We found that there is a transition in the transp
properties from metallic to insulating behavior for quasip
ticles as the barrier thickness is increased.

II. EXPERIMENT

The geometry of a ramp-type junction and its detail
fabrication process were described in Ref. 12. Briefly,
YBCO electrodes and PrBCO barrier layer were epitaxia
deposited on SrTiO3 substrate using off-axis rf magnetro
sputtering from stoichiometric targets. SrTiO3 was selected
as a substrate because of its small mismatch with YBCO
both lattice parameter and thermal expansion coefficie
Standard photolithographic techniques were employed
patterning the thin film into the desired structure. To min
mize damage to the ramp edge of the base electrode, a m
erate Ar-ion-beam milling rate as low as 5 nm/min was us
Because the outgrowth on the surface of the bottom electr
and insulating layers could be transferred onto the ramp e
during the ion milling process, the two bottom layers we
prepared with very smooth surfaces free of outgrowth
shown by scanning electron microscopy~SEM!. The micro-
structure of these junctions investigated by transmiss
electron microscopy~TEM! was described in previou
works.13,14 The epitaxy remained through all layers at t
ramp region without the formation of big grain boundarie
Amorphous layer and secondary phases were not observ
the barrier interfaces. In this experiment, the thickness of
top and bottom of the YBCO electrodes was 100–150 nm
has been reported that PrBCO barriers thinner than 6
thickness would contain pinholes,15 so the minimum barrier
thickness was chosen as 6 nm and the barrier thickness
varied from 6 to 30 nm with the ramp angle controlled to
40°. Clear microwave-induced steps were observed in all
samples. I -V curves can be fitted using the resistive
1457 ©2000 The American Physical Society
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1458 PRB 62J. L. SUN AND J. GAO
shunted junction~RSJ! model including an excess current fo
the junctions with a thinner barrier. Finally, dynamic co
ductance has been calculated from theI -V curves of the
junctions.

III. RESULTS

A. Critical current

The I cRn products of the junctions were in the range
1021 mV to a few mV at 10 K. The temperature dependen
of the critical current can be divided into two groups
shown in Figs. 1 and 2, respectively. The three sample
the first group have barrier thickness from 6 to 10 nm an
relative large critical current density and a small resistivi
For the junctions in the second group, the temperature
pendence of the normalized critical current follows

FIG. 1. Temperature dependence of the critical current for th
junctions with different barrier thicknesses.j c;105 A cm2, Rn

;0.5 V. The dotted and dashed lines are plots of (12T/Tc) and
(12T/Tc)

2, respectively.

FIG. 2. Temperature dependence of critical current for juncti
with different barrier thicknesses.j c;104 A cm22, Rn;1 –2 V.
The dotted and dashed lines are plots of (12T/Tc) and (1
2T/Tc)

2, respectively.
e

in
a
.
e-

2T/Tc)
2 near the critical temperature for all junctions. A

most half of the studied junctions follow this law in th
whole temperature range.

The dependence of the critical current on the barr
thickness at 10 and 50 K is shown in Fig. 3. de Genn
proximity theory predicts that for a superconducting-norm
superconducting~SNS! junction, j c5 j c0e2d/jn over a broad
range of temperature belowTc , with

j c05
puD i u2

2ekBTcjndrn
.

d is the bridge length andD i is the superconducting gap a
the SN interface. The entire resistance is due to the nor
interlayer N,Rn5rnd/A. The experimental data were fitte
by the above relation withj c052.43105 A cm22, jn
57 nm at 10 K andj c054.93105 A cm22, jn53.5 nm at
50 K. The temperature dependence of the characteristic s
ing lengthjn is shown in Fig. 4. With the increase of tem
perature,jn decreases monotonically. This temperature
pendence ofjn indicates the existence of a proximity e

e

s

FIG. 3. Dependence of critical current on barrier thickness. T
dotted lines are fitted to j c5 j c0e2d/jn with j c052.4
3105 A cm22, jn57 nm at 10 K andj c054.93105 A cm22,
jn53.5 nm at 50 K.

FIG. 4. Temperature dependence of the characteristic sca
length in the barrier.
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PRB 62 1459TRANSPORT CHARACTERISTICS OF RAMP-TYPE . . .
fect within the barrier layer. For a superconductin
insulating-superconducting~SIS! junction,jn is independent
of temperature. Thejn-T curve cannot be fitted with theT21

or T21/2 temperature dependence expected for a nor
metal proximity layer in the clean or dirty limit. This implie
that the junction cannot be simply described as a SNS ju
tion. As will be discussed later, the properties of the bar
layer are different in junctions with different barrier thick
ness.

B. Normal resistance of junctions

The RnA product of junctions is of the order o
1028V cm2. The temperature dependence ofRnA for
samples with different barrier thickness is plotted in Fig.
Great care should be taken when calculatingRn at high tem-
perature because of thermal-activated resistivity in the we
link region. The temperature dependence ofRn is different
for junctions with varied barrier thickness. When the thic
ness is less than 10 nm,RnA decreases slightly when th

FIG. 5. Dependence of the characteristic resistanceRnA on tem-
perature for junctions with different barrier thicknesses.

FIG. 6. The temperature dependence of conductance for
junctions with barrier thickness 22 nm~squares! and 24 nm
~circles!, respectively. The solid symbols represent the normal c
ductance of the junction taken at high voltage. The open ones
resent the conductance taken near zero voltage. The solid line
fitted to T4/3.
-

al

c-
r

.

k-

-

temperature is increased. In the samples with thickness m
than 14 nm, a change in the slope of the curves with incre
ing temperature occurs. TheRnA product increases at low
temperature but decreases at high temperature. The con
tanceGn51/RnA of the two samples with the largest thick
nesses of 22 and 24 nm~corresponding to the uppermost tw
curves in Fig. 5! is fitted to T4/3. The fitting at higher tem-
perature is good as shown in Fig. 6 by solid symbols. T
conductances taken near zero voltage are also plotted in
figure ~open symbols!. These data deviate from theT4/3 re-
lation below 40 K.

TheRnA dependence on thickness increases exponent
with an offset on they axis as shown in Fig. 7. This offse
implies an interface resistanceRBA57.531029 V cm2

that is small in comparison with the normal resistance of
junctions.

The dependence of the critical current on the resistanc
the junctions was also studied. As can be seen from Fig
the data from junctions with barrier thickness less than
nm are distributed along the lineI cRn

21.9. For SNS structures
with a barrier thicknessL!jn , one would expectI cRn

22 ,
whereasI cRn

21 is expected for SNINS structure.16,17 This
implies that the junctions with a thin barrier possess a S
structure.

o

-
p-
are

FIG. 7. Thickness dependence ofRnA of the junctions.T
510 K. The solid line is fitted toRnA5RBA1aed/5.9 with RBA
57.531029 V cm2, a57310210 V cm2.

FIG. 8. Critical current as a function of the normal resistance
junctions at 10 K.
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1460 PRB 62J. L. SUN AND J. GAO
C. Dynamic conductance versus voltage

The dependence of the dynamic conductanceGd
5dI/dV on voltage changed dramatically for junctions wi
different barrier thickness. Although the small junction res
tance and large current induced thermal effects make
measurement to higher voltage difficult for junctions with
thin barrier, it can still be inferred thatGd for samples with
barrier thickness smaller than 10 nm reaches a constant v
at small voltage (,10 mV). By contrast, in those junction
with a thicker barrier,Gd is a function of voltage up to 20
mV or even higher voltage. This is illustrated in Fig. 9. T
dynamic conductance for the RSJ model, which assum
constant normal resistance for each junction, is plotted
comparison. The deviation of the experimental data from
RSJ model near zero voltage is a reflection of ‘‘round of
on theI -V curve, which is caused by electrical noise in t

FIG. 9. Comparison of the dynamic conductance versus volt
with the RSJ model for junctions with different barrier thickness
The conductance is normalized to its value at 35 mV. The solid
without symbols represents a fit to the RSJ model withI c

53 mA, Rn50.43 V. The inset gives an enlarged plot for th
junction with 8 nm PrBCO.

FIG. 10. Dynamic conductance vs temperature for junctio
with different barrier thicknesses. The top curve is shifted 0.04
for clarity.
-
e

lue

a
r
e

I -V measurement. At higher voltage, some fine structu
can be found on the curves. These fine structures are
served in the samples with thickness over 14 nm. Figure
showsGd for junctions with different thicknesses at a tem
perature of about 10 K. The top two curves are for junctio
with the same nominal barrier thickness 14 nm but differ
junction width ~10 and 20mm). The values of the two
curves at the lower voltage overlap with each other, so
curve is shifted up 0.04 for clarity. From this figure, thre
peaks located at 12, 16, and 22 mV can be clearly seen
junctions with barrier thickness 14 nm. For other junctio
similar peaks can also be observed. These peaks shift tow
lower voltage with increasing temperature, as shown
Fig. 11.

IV. DISCUSSION

The variation of resistance with temperature and bar
thickness, and the dynamic conductance versus voltage
well as the subgap structure in theGd-V curves gave explicit
signature to the properties of the junctions. Summarizing
these results, our junctions could be characterized as S
structure when the barrier is thin, as SNINS structure wit
thick barrier, and as SNcNS structure for a moderate thi
ness of barrier.

When the barrier thickness is less than 10 nm, the re
tance of the junction is dominated by the interface resista
RB as indicated by Fig. 7 and it decreases slightly at hig
temperature. Thus, the normal resistance of junctions is
dependent of voltage as can be seen from Fig. 9. TheV-I
curves of these junctions assume standard RSJ behavior
an excess current. If we consider also the presence of
proximity layer, as indicated by the variation of the cohe
ence length with temperature, then we can conclude
these junctions are best described as SNS structures.

In the junctions with a thick barrier, the properties of th
junctions can be described by a SNINS structure. For tra
port by inelastic tunneling processes across an insulator l

e
.
e

s
p

FIG. 11. Dynamic conductance at different temperatures fo
junction with barrier thickness 14 nm. The curves are offset in
vertical direction for clarity.
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PRB 62 1461TRANSPORT CHARACTERISTICS OF RAMP-TYPE . . .
containing two localized states, the conductance was g
by Glazman and Matveev18 as

G~T!5G01aT4/3 ~eV!kBT!, ~1a!

G~V!5G01aV4/3 ~eV@kBT!, ~1b!

where G0 denotes temperature- and voltage-independ
conductance due to direct or resonant tunneling via one
calized state,a is a constant, andT is the temperature. Con
ductance in Eq.~1a! should be near zero-biased voltage
required by the inequalityeV!kBT. As shown in Fig. 6, the
temperature dependence of conductance for the junct
with a thick barrier can be well fitted to Eq.~1a!. The voltage
dependence of the dynamic conductance for junctions w
barrier thickness larger than 20 nm can also be fitted to
~1b! at low temperature by superimposing a fine structure
mentioned above~Fig. 12!. Conductance data taken ne
zero-biased voltage deviate from the relation ofT4/3 when
the temperature is lower than 40 K~see Fig. 6!. It should be
pointed out that Eq.~1a! is developed for a system wit
normal metal as electrodes in which the density of states
the Fermi surface is temperature independent. In our si
tion, the electrodes are superconductors. The opening o
energy gap near the Fermi surface below the critical te
perature is manifested by a decrease in the conductanc
the system for small voltagesV,2D(T), whereD(T) is the
energy gap of the superconducting electrodes.

The peak on theR-T curves shifts towards lower temper
ture as the thickness of the barrier increases~see Fig. 5!. This
is in agreement with the result given by Ref. 18. The te
perature, at which the contribution made to the conducta
by the second term in Eq.~1a! exceeds the contribution o
the first term, is proportional to exp(2d/4a), wherea is the
radius of the localized state andd is the barrier thickness.

When the barrier thickness is not large enough to acc
modate two localized states, the quasiparticles would tun
through the barrier directly or resonant tunnel via one loc
ized state. The resistance is expected to be temperature
pendent. This is the case for junctions with barrier thickn

FIG. 12. The dynamic conductance of junction with barr
thickness 20 nm at 10 K~top! and 24 nm at 15 K~bottom!. The
dotted line is fitted withV4/3.
n
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less than 16 nm. Previously, Yoshida and Nagano found
inelastic tunneling of quasiparticles via two localized sta
was the dominant process in PrBCO layers as thin as 5 n19

We believe that this difference in scales may result from
difference in the structure of the junctions used in these
experiments. In the work of Ref. 19, the junction was form
by YBCO/PrBCO/Au. The carrier concentration~holes! in
PrBCO is less than one-tenth that of YBCO as inferred fr
Hall effect measurements.20 There may be a transition laye
at the interface between YBCO and PrBCO where diffus
of carriers takes place. Thus the effective thickness
PrBCO is reduced in the YBCO/PrBCO/YBCO junction
used in our experiment. The slight increase ofRn with tem-
perature may be attributed to the proximity layer formed
the YBCO/PrBCO interface. The total normal resistance
the junction isRn5RB1Rp whereRp is the resistance of the
proximity layer.

A SNcNS model could be applicable to our junctions w
moderate barrier thickness to explain the subgap struct
observed in these junctions. The SNcNS structure was
posed to describe the conventional junction Nb-AlOx-Nb,
where N represents the proximity layer next to the insulat
layer.21 When the insulator layer is not thick enough so th
its energy barrier is low, the insulating layer could be view
as a small constrictionc between SN and NS with a certai
energy barrier. The small constrictionc is assumed to be a
small orifice of radiusa @a!min(ln ,ls)!jn,s, wherel n,s and
jn,s are the mean free path and coherence length in S and#.
This might be the case for our samples with a moder
PrBCO layer. The localized states in the barrier layer co
act as constrictions which communicate between SN and
banks. In a SNcNS junction, according to the work of Am
nov et al.,21 a complicated peak structure would appear in
dynamic conductance-voltage curve due to the multiple A
dreev reflection. With a finite energy barrier height in t
constriction (Z5H/\v fÞ0; H is the energy barrier height in
the constriction, andv f is Fermi velocity!, the additional
order parameter in the proximity layer would result in a co
plex peak and dip structure at the voltageVn52Dn /(en),
Vn5(Ds2Dn)/(en), Vn5(Ds1Dn)/(en), and Vn
52Ds /(en) on theGd-V curve in the whole measured tem
perature range. HereDs andDn denote the order paramete
for the proximity layer at the SN interface and Nc interfac
respectively. The subgap structures in our experiment are
complex to distinguish the peaks from each other. Referr
to the result in Ref. 21, the peak with the highest intensity
2Dn /e. If we take the peaks at 16 and 22 mV in Fig. 10
corresponding to 2Dn /e and (Ds1Dn)/e, we derive a gap
value ofDs514 meV andDn58 meV for the proximity N
layer at the superconducting electrode side and insul
side, respectively. With the increase of temperature, the
ference betweenDn and Ds decreases;V52Dn /e and V
5(Ds1Dn)/e merge as one peak.

Interface parametersg5(Nn /Ns)(Dn /Ds)
1/2 for our

junctions have been deduced from the temperature de
dence ofDn by assuming that the temperature dependenc
Dn(T) follows that of D i(T), whereD i is the intrinsic de-
pressed order parameter at the SN interface on the S sid
the boundary of the superconductor and normal metal,
intrinsic depression of the order parameter at the S side
SN interface is derived for a dirty superconductor from t



all

ng
-
e
ar

te
C

at
de

g
ta

ter-
e
m
ce
e

mal

m
fu-

ted
that
ale

r-
and
bar-

for
be
ss:
for
he
sub-
ple

a
be-
are
e a
des
ua-
ing
he
to

a

ants
-

g

iti

pa

1462 PRB 62J. L. SUN AND J. GAO
phenomenological Ginzburg-Landau theory which gener
applies at temperatures down to 0.3Tc :22

S D i

D0
D 2

511S jsd

bi
D 2

2F S jsd

bi
D 4

12S jsd

bi
D 2G1/2

~2!

and

jsd

bi
5

rsjsd

rnjnd
5

p

2
gS T

Tc2TD , ~3!

where D0 is the order parameter for bulk superconducti
electrodes, andjsd,nd and Ds,n are the temperature
dependent Ginzburg-Landau coherence length and co
cient of carrier diffusion in superconducting and normal b
riers, respectively. The parameterbi is the extrapolation
length of the order parameter in the N layer at the SN in
face.g describes the depression of order parameter of YB
at the SN interface. The temperature dependence of 2Dn /e
~corresponding to the highest peak position in Fig. 11! for
junctions with barrier 14 nm is illustrated in Fig. 13 as sc
tered solid squares. The solid line in the figure is the or
parameter for bulk YBCO normalized to its value atT50.23

The three dashed lines are the value ofD i calculated from
the above equations with the same normalization using
50.1, 0.4, 1, respectively. Comparing the experimen
data with the theoretical result,g is estimated to be within
0.1–0.4.

Another interface parametergB5RB /rnjn has also been
evaluated for our junctions. With the value ofg and the

FIG. 13. Temperature dependence of the highest peak pos
in Fig. 11 for barrier 14 nm~scattered squares! normalized to its
value at 10 K. The solid line represents the bulk YBCO order
rameter. Three dotted lines are fitted withg50.1, 0.4, 1, respec-
tively, from top to bottom.g5(Nn /Ns)(Dn /Ds)

1/2.
la,

R.

a,
y

ffi-
-

r-
O

-
r

l

result Dn /Ds'0.6, according to Fig. 1 in Ref. 21,gB is
estimated to be less than 2 in our junctions. Thus, the in
face resistanceRB is not larger than the resistance of th
normal layer. This is consistent with the result inferred fro
they axis offset in Fig. 7 which shows an interface resistan
of about 1029 V cm2. Such a value of interface resistanc
is comparable with those given by other groups.24 This ac-
counts for the temperature-insensitive behavior of the nor
resistance for junctions with a thinner barrier.g andgB have
been calculated for YBCO and PrBCO bulk material fro
typical values of coherence length and coefficient of dif
sion, and have been given values of 1024 and 1021,
respectively.25 These are much smaller than those estima
from our experimental results. This leads us to conclude
the physical properties of a PrBCO thin film on a nanosc
are much different from those for the bulk material.

V. CONCLUSION

By studying nonstationary properties of junctions, info
mative results were obtained. Usually both Cooper pairs
quasiparticles are considered to tunnel across the PrBCO
rier. From the results of our experiment, this is true only
junctions with a thick barrier. The junction structures can
divided into three types related to their barrier thickne
SNS, SNcNS, and SNINS. In our experiment, evidence
the existence of a proximity layer is clearly seen from t
subgap structure in the dynamic conductance curve. The
gap peaks were more complex than expected from the sim
expression 2D/en, n51,2,3, . . . , and areattributed to mul-
tiple Andreev reflection in Josephson junctions with
SNcNS structure. At medium thickness, constrictions
tween proximity layers dominate in the barrier region and
indicated by the gap structure. The constriction might b
localized state in the PrBCO layer. The gap feature fa
away with an increase of the barrier thickness and the q
siparticle transport across the barrier falls into a tunnel
regime. Further work is needed to be done to clarify t
nature of the constriction. Further study is also required
clarify if the proximity layer is formed by a thin PrBCO
layer or a thin YBCO layer near the SN interface with
degradedTc , or a mixture of both.
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