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Transport characteristics of ramp-type YBa,Cu;0;_ 5/PrBa,Cuz0;_,/YBa,CuzO7_;
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 Septembe) 1999

The transport behaviors of YB@u;O;_ s/PrBaCu;0;_, /YBa,CuzO;_ 45 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 T8 law. This suggested that the quasiparticles
transport across a thick Prgau;O; ., barrier layer via two localized states in an inelastic tunneling process.

[. INTRODUCTION riers are by a tunneling process, while subgap structures,
resulting from multiple Andreev reflection, indicate the exis-
High-T, Josephson junctions with Prgau0,_, tence of a proximity layer in the barriers regithin our
(PrBCO as barrier layer have been intensively investigatec?XPeriment, the differences in physical properties of junc-
since they were first introduced in 1993 PrBCO is selected tions with thin and thick barrier were analyzed and carefully

. - : : ..compared. We found that there is a transition in the transport
3?3:2?:126; I;’:l)/(irBlz:e(():?uziE:mti)lfalrtsztr)r; fg;tlfgzcﬁow:;&?gha?t@roperties from metallic to insulating behavior for quasipar-

that of YBCO, and small interdiffusion at the YBCO/PrBCO ticles as the barrier thickness s increased.
interface. With PrBCO as a barrier material, the stationary Il. EXPERIMENT
properties of the junctions have been studied by several

groups®~° The temperature dependence of the critical curren;

rep"”e‘g by dlfferent_ groups vaneds from quasnmear, (1YBCO electrodes and PrBCO barrier layer were epitaxially
—T/T)" to exponential dependenté! The divergence of = yohogited on SrTiQ substrate using off-axis rf magnetron
these works is partly due to the complexity of the propertiesy, tering from stoichiometric targets. Sri@as selected

of PrBCO film. Currently, the transport behavior of chargess 5 supstrate because of its small mismatch with YBCO in
carriers in PrBCO is a controversial topic. Transport in thepoth |attice parameter and thermal expansion coefficients.
bulk material of PrBCO was commonly described by standard photolithographic techniques were employed in
variable-range hopping. However, Leeal. reported the co-  patterning the thin film into the desired structure. To mini-
existence of nonmetallic hopping conduction with metallic mize damage to the ramp edge of the base electrode, a mod-
Boltzmann transport on highly oriented PrBCO thin films erate Ar-ion-beam milling rate as low as 5 nm/min was used.
deposited on LaSrGaOsubstrate. The hopping was as- Because the outgrowth on the surface of the bottom electrode
signed to the Cu@planes, while the metallic transport arises and insulating layers could be transferred onto the ramp edge
from the CuO chain structure. Recently superconductivityduring the ion milling process, the two bottom layers were
has been found in small bulk PrBCO samples grown by theprepared with very smooth surfaces free of outgrowth as
traveling-solvent floating-zone meth8dKabasawaet al.  shown by scanning electron microscof8EM). The micro-
studied the size effect on transport properties of PrBCO usstructure of these junctions investigated by transmission
ing planar-type junction specimens. Metallic transport be-electron microscopy(TEM) was described in previous
havior was observed for a small PrBCO bridge works!®!* The epitaxy remained through all layers at the
(<0.2 um).? From these experimental results, transportramp region without the formation of big grain boundaries.
properties for junctions with different PrBCO barrier thick- Amorphous layer and secondary phases were not observed at
ness are expected to be very different. To understand thime barrier interfaces. In this experiment, the thickness of the
dependence of junction properties on the barrier thicknesspp and bottom of the YBCO electrodes was 100—150 nm. It
we studied the nonstationary as well as stationary propertidsas been reported that PrBCO barriers thinner than 6 nm
of the junctions with different barrier thickness. Nonstation-thickness would contain pinholé$so the minimum barrier

ary properties of junctions have been studied by relativeljthickness was chosen as 6 nm and the barrier thickness was
few groups compared with the study of stationaryvaried from 6 to 30 nm with the ramp angle controlled to be
properties->*! The results in Ref. 10 indicated that both 40°. Clear microwave-induced steps were observed in all the
Cooper pairs and quasiparticle transport through PrBCO basamples. |-V curves can be fitted using the resistively

The geometry of a ramp-type junction and its detailed
abrication process were described in Ref. 12. Briefly, the
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FIG. 1. Temperature dependence of the critical current for three £, 3. Dependence of critical current on barrier thickness. The
junctions with different barrier thicknesseg,~10° Acm®, R,  dotted lines are fitted 10 j.=jue ¥én with |j=2.4

~0.5 Q. The dotted and dashed lines are plots of-(WT) and %105 Acm 2, &=7 nm at 10 K andj,=4.9x10° Acm 2,
(1—-T/T,.)?, respectively. £,=3.5 nm at 50 K.

shunted junctioiRSJ model including an excess current for —T/T, 2 near the critical temperature for all junctions. Al-
the junctions with a thinner barrier. Finally, dynamic con- most half of the studied junctions follow this law in the
ductance has been calculated from th& curves of the whole temperature range.

junctions. The dependence of the critical current on the barrier
thickness at 10 and 50 K is shown in Fig. 3. de Gennes
proximity theory predicts that for a superconducting-normal-
superconductingSNS junction, j.=j e~ ¥¢n over a broad
range of temperature beloWw;, with

I1l. RESULTS
A. Critical current

The IR, products of the junctions were in the range of A2
10" mV to a few mV at 10 K. The temperature dependence jcozwii_
of the critical current can be divided into two groups as 2ekgTcénaPn

sr:m\;\_/n n Figs.hl and 2, resr?.eﬁtively.fThe three samples i is the pridge length and, is the superconducting gap at
the first group have barrier thickness from 6 to 10 nm and g,o g interface. The entire resistance is due to the normal

relative large critical current density and a small resistivity.interlayer N,R,=p,d/A. The experimental data were fitted
For the junctions in the second group, the temperature dedy the abévg renlatioﬁ Withj o=2.4<10° Acm 2, ¢
(o] . ' n

pendence of the normalized critical current follows (1 =7 0\ at10K and o =4.9x10° Acm~2, £,=3.5 nm at
50 K. The temperature dependence of the characteristic scal-

104 w 120m ing length &, is shown in Fig. 4. With the increase of tem-
e e i4nm perature,&, decreases monotonically. This temperature de-
0.8 &fﬁp o iomm pendence of{, indicates the existence of a proximity ef-
' 0.,
"o B & 16nm
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FIG. 2. Temperature dependence of critical current for junctions T(K)

with different barrier thicknesse$.~10* Acm 2, R,~1-2 Q.
The dotted and dashed lines are plots of—(WT,) and (1
—T/T,)?, respectively.

FIG. 4. Temperature dependence of the characteristic scaling
length in the barrier.
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FIG. 5. Dependence of the characteristic resista)@eon tem-
perature for junctions with different barrier thicknesses. temperature is increased. In the samples with thickness more
than 14 nm, a change in the slope of the curves with increas-
fect within the barrier layer. For a superconducting-ing temperature occurs. THe,A product increases at low
insulating-superconductinglS) junction, &, is independent  témperature but decreases at high temperature. The conduc-
of temperature. Thé,-T curve cannot be fitted with tig~1  tanceG,=1/R,A of the two samples with the largest thick-
or T-12 temperature dependence expected for a normdl€SS€s of 22 and 24 nfoorresponding to the uppermost two

. - - . 4/3 . . .
metal proximity layer in the clean or dirty limit. This implies CUTves in Fig. 3 is fitted toT™. The fitting at higher tem-

that the junction cannot be simply described as a SNS jund?€érature is good as shown in Fig. 6 by solid symbols. The
tion. As will be discussed later, the properties of the barrie€onductances taken near zero voltage are also plotted in this

i - /
layer are different in junctions with different barrier thick- f1gure (open symbols These data deviate from the" re-
ness. lation below 40 K.

The R,A dependence on thickness increases exponentially
) o with an offset on they axis as shown in Fig. 7. This offset
B. Normal resistance of junctions implies an interface resistancRgA=7.5x10"° Q cn?
The R,A product of junctions is of the order of thatis smallin comparison with the normal resistance of the
10 80 cm?. The temperature dependence BfA for  junctions.
samples with different barrier thickness is plotted in Fig. 5. The dependence of the critical current on the resistance of
Great care should be taken when calculaffygat high tem-  the junctions was also studied. As can be seen from Fig. 8,
perature because of thermal-activated resistivity in the weakhe data from junctions with barrier thickness less than 18
link region. The temperature dependenceRyfis different nm are distributed along the lingR, *°. For SNS structures
for junctions with varied barrier thickness. When the thick-with a barrier thickness <¢&,, one would expeclcRn_z,
ness is less than 10 nmR,A decreases slightly when the whereasl R, * is expected for SNINS structut&l’ This
implies that the junctions with a thin barrier possess a SNS

0.4 structure.
Uy
0.176+0.00073T*
«— 03 -
£
Q
] " s
N 0.1884+,00036T ;.
= ] -1.8
< o024 = n 0.4R,
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FIG. 6. The temperature dependence of conductance for two 0.1 T ——
junctions with barrier thickness 22 nrtsquares and 24 nm
(circles, respectively. The solid symbols represent the normal con- R (Q)
ductance of the junction taken at high voltage. The open ones rep-
resent the conductance taken near zero voltage. The solid lines are FIG. 8. Critical current as a function of the normal resistance of
fitted to TS, junctions at 10 K.
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FIG. 9. Comparison of the dynamic conductance versus voltage 30 20 10 0 10 20 80
with the RSJ model for junctions with different barrier thicknesses. V(mV)
The conductance is normalized to its value at 35 mV. The solid line . .
. . . FIG. 11. Dynamic conductance at different temperatures for a
without symbols represents a fit to the RSJ model with . : . . . )
; . junction with barrier thickness 14 nm. The curves are offset in the
=3 mA, R,=0.43 Q). The inset gives an enlarged plot for the vertical direction for clarit
junction with 8 nm PrBCO. Y
C. Dynamic conductance versus voltage |-V measurement. At higher voltage, some fine structures

The dependence of the dynamic conductanGq can be found on the curves. These fine structures are ob-

=dI/dV on voltage changed dramatically for junctions with sre]rvedc;n ]'Ehe.samples W'.tu 'Ejh;?kness r?.vir 14 nm. Figure 10
different barrier thickness. Although the small junction resis-> OS2 O junctions with different thicknesses at. a tem-
tance and large current induced thermal effects make thg(_arature of about L0 K. The_ fop two curves are forJu_nctlons
measurement to higher voltage difficult for junctions with aW'thche Sa.rc?tﬁ nfcr)nma(lj b;\(;rler th|(3|[<rr]1ess |14 nm fblt{[] dn‘tferent
thin barrier, it can still be inferred th&, for samples with junction Wlh I( an | '“m)'l € .Vﬁ uesho h € two
barrier thickness smaller than 10 nm reaches a constant val(g <> at the lower voltage overlap with each other, so one

: . . curve is shifted up 0.04 for clarity. From this figure, three
at small voltage £10 mV). By contrast, in those junctions peaks located at 12, 16, and 22 mV can be clearly seen for
with a thicker barrierGy is a function of voltage up to 20 e

mV or even higher voltage. This is illustrated in Fig. 9 Thejunctions with barrier thickness 14 nm. For other junctions
dynamic conductance for t.he RSJ model. which aésﬁmes similar peaks can also be observed. These peaks shift toward

. X . . [6wer vol with increasin mperatur hown in
constant normal resistance for each junction, is plotted fo% er voltage wit creasing temperature, as sho

comparison. The deviation of the experimental data from thehg' 11.

RSJ model near zero voltage is a reflection of “round off”

on thel-V curve, which is caused by electrical noise in the IV. DISCUSSION

The variation of resistance with temperature and barrier
/- 14nm thickness, and the dynamic conductance versus voltage, as
/ well as the subgap structure in tlg-V curves gave explicit
signature to the properties of the junctions. Summarizing all
- 14nm these results, our junctions could be characterized as SNS
A structure when the barrier is thin, as SNINS structure with a
/18nm thick barrier, and as SNcNS structure for a moderate thick-

/\
/ ness of barrier.
i

0.6

-
oo LS.
S0

[/

When the barrier thickness is less than 10 nm, the resis-
n tance of the junction is dominated by the interface resistance
\J Rg as indicated by Fig. 7 and it decreases slightly at higher
L temperature. Thus, the normal resistance of junctions is in-
//\v P dependent of voltage as can be seen from Fig. 9. Whe
curves of these junctions assume standard RSJ behavior with
an excess current. If we consider also the presence of the
.30 20 10 0 10 20 30 proximity layer, as indicated by the variation of the coher-
V(mV) ence length with temperature, then we can conclude that
these junctions are best described as SNS structures.
FIG. 10. Dynamic conductance vs temperature for junctions In the junctions with a thick barrier, the properties of the
with different barrier thicknesses. The top curve is shifted 0.04 ugunctions can be described by a SNINS structure. For trans-
for clarity. port by inelastic tunneling processes across an insulator layer

20N

\\
e
~ \
N

[ =

Conductance(10%Qcem?)

/
[

N AN

\




PRB 62 TRANSPORT CHARACTERISTICS OF RAMP-TYP. .. 1461

05

less than 16 nm. Previously, Yoshida and Nagano found that
inelastic tunneling of quasiparticles via two localized states
was the dominant process in PrBCO layers as thin as $°nm.
We believe that this difference in scales may result from a
difference in the structure of the junctions used in these two
experiments. In the work of Ref. 19, the junction was formed
by YBCO/PrBCO/Au. The carrier concentratigholeg in
PrBCO is less than one-tenth that of YBCO as inferred from
Hall effect measurementS.There may be a transition layer
at the interface between YBCO and PrBCO where diffusion
, of carriers takes place. Thus the effective thickness of
" g(V)=0.167+0.00053"V** PrBCO is reduced in the YBCO/PrBCO/YBCO junctions
\ used in our experiment. The slight increaseRgfwith tem-
»»» 4 perature may be attributed to the proximity layer formed at
the YBCO/PrBCO interface. The total normal resistance of
40 30 20 40 o 10 20 30 the junction isR,= Rg+ R, whereR, is the resistance of the
V(mV) proximity layer.
A SNcNS model could be applicable to our junctions with
FIG. 12. The dynamic conductance of junction with barrier moderate barrier thickness to explain the subgap structures
thickness 20 nm at 10 Ktop) and 24 nm at 15 Kbottom. The  observed in these junctions. The SNcNS structure was pro-
dotted line is fitted withv*>, posed to describe the conventional junction Nb-AND,
where N represents the proximity layer next to the insulating
containing two localized states, the conductance was giverayer?! When the insulator layer is not thick enough so that
by Glazman and Matveé¥as its energy barrier is low, the insulating layer could be viewed
as a small constriction between SN and NS with a certain
G(T)=Go+aT™ (eV<kgT), (1a energy barrier. The small constrictianis assumed to be a
small orifice of radiusa [a<min(l, ,|9)<&,s, wherel, s and
&n.s are the mean free path and coherence length in S gnd N
where G, denotes temperature- and voltage-independenthis might be the case for our samples with a moderate
conductance due to direct or resonant tunneling via one lI0PrBCO layer. The localized states in the barrier layer could
calized stategq is a constant, andl is the temperature. Con- act as constrictions which communicate between SN and NS
ductance in Eq(1a) should be near zero-biased voltage asbanks. In a SNCNS junction, according to the work of Ami-
required by the inequalitg V<kgT. As shown in Fig. 6, the novet al.2'a complicated peak structure would appear in the
temperature dependence of conductance for the Junctlorﬁynamlc conductance- -voltage curve due to the multiple An-
with a thick barrier can be well fitted to E¢la). The voltage ~ dreev reflection. With a finite energy barrier height in the
dependence of the dynamic conductance for junctions witigonstriction £=H/%v#0; H is the energy barrier height in
barrier thickness larger than 20 nm can also be fitted to Ecthe constriction, and ¢ is Fermi velocity, the additional
(1b) at low temperature by superimposing a fine structure agrder parameter in the proximity layer would result in a com-
mentioned aboveFig. 12. Conductance data taken near plex peak and dip structure at the voltagg=2A,/(en),
zero-biased voltage deviate from the relationT8f® when  V,=(As—Ap)/(en), V,=(As+Ay/(en), and V,
the temperature is lower than 40(Kee Fig. . It should be ~ =2A4/(en) on theGy4-V curve in the whole measured tem-
pointed out that Eq(la) is developed for a system with perature range. Herés andA, denote the order parameters
normal metal as electrodes in which the density of states neder the proximity layer at the SN interface and Nc interface,
the Fermi surface is temperature independent. In our situgespectively. The subgap structures in our experiment are too
tion, the electrodes are superconductors. The opening of atpmplex to distinguish the peaks from each other. Referring
energy gap near the Fermi surface below the critical temto the result in Ref. 21, the peak with the highest intensity is
perature is manifested by a decrease in the conductance 8fA,/e. If we take the peaks at 16 and 22 mV in Fig. 10 as
the system for small voltagés<2A(T), whereA(T) is the  corresponding to &,/e and A;+A,)/e, we derive a gap
energy gap of the superconducting electrodes. value of A;=14 meV andA,=8 meV for the proximity N
The peak on th&-T curves shifts towards lower tempera- layer at the superconducting electrode side and insulator
ture as the thickness of the barrier increases Fig. 5. This  side, respectively. With the increase of temperature, the dif-
is in agreement with the result given by Ref. 18. The tem-ference betweem\,, and Ag decreasesV=2A,/e and V
perature, at which the contribution made to the conductance (As+ Ap)/e merge as one peak.
by the second term in Eqla) exceeds the contribution of Interface parametersy=(N,/Ng)(D,/Dy*? for our
the first term, is proportional to exp@/4a), wherea is the  junctions have been deduced from the temperature depen-
radius of the localized state amds the barrier thickness.  dence ofA,, by assuming that the temperature dependence of
When the barrier thickness is not large enough to accomA ,(T) follows that of A;(T), whereA; is the intrinsic de-
modate two localized states, the quasiparticles would tunngiressed order parameter at the SN interface on the S side. At
through the barrier directly or resonant tunnel via one localthe boundary of the superconductor and normal metal, the
ized state. The resistance is expected to be temperature indatrinsic depression of the order parameter at the S side of a
pendent. This is the case for junctions with barrier thicknes$§N interface is derived for a dirty superconductor from the

o
'S
(]

9(V)=0.2240.0019*V** /=~
N

Conductance(10%Qcm?)
a
1

e
[
1

G(V)=Gy+aV*® (eV=kgT), (1b)
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result A,/A¢~0.6, according to Fig. 1 in Ref. 2Lyg is
estimated to be less than 2 in our junctions. Thus, the inter-
face resistanc&g is not larger than the resistance of the
normal layer. This is consistent with the result inferred from
they axis offset in Fig. 7 which shows an interface resistance
of about 10° Q cn?. Such a value of interface resistance
is comparable with those given by other grodbhis ac-
counts for the temperature-insensitive behavior of the normal
resistance for junctions with a thinner barrigrand yg have
been calculated for YBCO and PrBCO bulk material from
typical values of coherence length and coefficient of diffu-
sion, and have been given values of f0and 101,
respectively’> These are much smaller than those estimated

00> v v v v o from our experimental results. This leads us to conclude that

e the physical properties of a PrBCO thin film on a nanoscale
¢ are much different from those for the bulk material.

FIG. 13. Temperature dependence of the highest peak position
in Fig. 11 for barrier 14 nm(scattered squargsormalized to its
value at 10 K. The solid line represents the bulk YBCO order pa- V. CONCLUSION
rameter. Three dotted lines are fitted wigt+0.1, 0.4, 1, respec-
tively, from top to bottom.y=(N,/Ng)(D, /D).

A(TY/A(10K)

By studying nonstationary properties of junctions, infor-
mative results were obtained. Usually both Cooper pairs and
phenomenological Ginzburg-Landau theory which genera")g'uasiparticles are considered to tu.nnel across the PrBCO bar-
applies at temperatures down to 0,322 rier. I_:rom the resqlts of our experiment, this is true only for

junctions with a thick barrier. The junction structures can be
A\ e\ [[Esq\? [ Esq)\2]H? divided into three types related to their barrier thickness:
) = <—) —[(—) 2( ) } (2)  SNS, SNcNS, and SNINS. In our experiment, evidence for

Ao b b b the existence of a proximity layer is clearly seen from the
and subgap structure in the dynamic conductance curve. The sub-
gap peaks were more complex than expected from the simple
Esa_ Psésd _ Zy( T ) (3)  expression A/en, n=1,23 ..., and arattributed to mul-
bi  pnéng 2 \Te—T)" tiple Andreev reflection in Josephson junctions with a

SNcNS structure. At medium thickness, constrictions be-

where A, is the order parameter for bulk superconductingt ity | dominate in the barri , d
electrodes, andégqnq and Dy, are the temperature- tween proximity layers dominate in the barrier region and are

dependent Ginzburg-Landau coherence length and coefquiﬁateg bty tthg g;’:ll"p Sgugéucr)e.l The cfrohnstrictio? n;ightsz a
cient of carrier diffusion in superconducting and normal bar- oca|ze_ths ate in the rf i baygr. th.ekgap eadurt(ra] ades
riers, respectively. The parametér is the extrapolation away With an increase or the barrier thickness and the qua-

length of the order parameter in the N layer at the SN inter_siparticle transport across the barrier falls into a tunneling
face.y describes the depression of order parameter of YBCQEY'ME: Further work is needed to be done to clariy the

. nature of the constriction. Further study is also required to
at the SN interface. The temperature dependenceAgf/@ . o . .
(corresponding to the highes? peak posifion in Fig) clarify if the proximity layer is formed by a thin PrBCO

junctions with barrier 14 nm is illustrated in Fig. 13 as scat-Iayer or a thin YBCO layer near the SN interface with a

tered solid squares. The solid line in the figure is the Ordegegradedrc, or a mixture of both.
parameter for bulk YBCO normalized to its valueTat 0.23
The three dashed lines are the valueAgfcalculated from
the above equations with the same normalization using
=0.1, 0.4, 1, respectively. Comparing the experimental This work has been supported by the Research Grants
data with the theoretical resuly is estimated to be within Council (RGC) of Hong Kong and the Committee on Re-
0.1-0.4. search and Conference Graf@RCG of The University of

Another interface parameterz=Rg/p,&, has also been Hong Kong. The authors would like to thank Dr. W. H. Tang
evaluated for our junctions. With the value ¢f and the and L. F. Gong for their helpful discussions.
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