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A review is made of the current status of investigations of the Josephson effect in high-
temperature superconducting materials and in structures based on them. The results are given of
experimental investigations of the influence of various factors on superconducting properties of
surface layers of high-temperature materials, such as the conditions during synthesis and cleaning
of their surface, and also data on the ohmic contacts. This information is used to analyze the
experimental results obtained for Josephson junctions between high- and low-temperature
superconductors and between two high-temperature superconductors. The following junctions
are considered: point contacts, tunnel junctions, SNS structures with direct conduction, junctions
atinternal grain boundaries in high-temperature superconducting ceramics and films, and also
junctions at microcracks in high-temperature superconducting crystals. These results are
compared with the predictions of theoretical models of Josephson junctions developed on the
basis of the BCS theory. It is concluded that the available data are insufficient not only to
determine the validity of the BCS theory in the description of high-temperature superconductors,
but also to provide a reliable qualitative identification of the physical structure of the junctions.
Possible topics for further experimental investigations of the Josephson effect in high-
temperature superconducting junctions with direct and tunnel conduction are suggested.

1.INTRODUCTION

Many review papers have already been published on the
subject of physical properties of high-temperature supercon-
ductors (see, for example, Refs. 1-6), on the methods of
fabrication of these materials,”® and on possible applica-
tions.® However, sufficient attention has not yet been given
to the Josephson effect in high-temperature superconduc-
tors. The purpose of the present review is to fill this gap.

Manifestations of the Josephson effect in high-tempera-
ture superconductors and structures based on them are com-
plex and multifaceted. For example, in the case of polycrys-
talline samples of high-temperature superconductors the
Josephson interaction between the individual grains (crys-
tallites) has a considerable influence on the electrodynam-
ics, on the surface impedance, 10 and on the structure of mag-
netic flux quanta.’""’2 However, the most direct information
on the Josephson effect in high-temperature superconduc-
tors can be obtained by investigating Josephson structures of
various types prepared deliberately. They include, firstly,
such well-known structures as point contacts, tunnel junc-
tions, SNS sandwiches, and variable-thickness bridges. Sec-
ondly, much information can be obtained by investigation of
the junctions in which the Josephson effect occurs at the
boundaries of two or more grains which are located in the
region of concentration of a superconducting current. An
analysis of the processes occurring in these structures will be
made paying special attention to the characteristics which
distinguish high-temperature superconducting Josephson
junctions from corresponding structures made of low-tem-
perature superconductors, the properties of which have been
investigated sufficiently thoroughly and have been described
in familiar reviews and monographs.**'¢

We shall begin by considering physical and chemical
properties of the surfaces of high-temperature superconduc-
tors, which are essential in subsequent analysis: the influence
of the phase composition of the surface of a ceramic and of its
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treatment on the superconductivity of surface layers; the
chemical interaction between high-temperature supercon-
ductors, on the one hand, and insulators or metals, on the
other. In the third and fourth sections we shall discuss the
main experimental results obtained for junctions between
high- and low-temperature superconductors and between
two high-temperature superconductors. In the fifth section
we shall give the results of theoretical calculations carried
out using the framework of the BCS theory and invoking
different models of Josephson junctions. We shall also com-
pare these results with experimental data. Finally, in the
sixth section, we shall outline possible further investigations
of the Josephson effect in high-temperature superconduc-
tors, and consider various methods for the fabrication of Jo-
sephson high-temperature superconducting structures with
high values of the characteristic voltage V.

2. SOME PROPERTIES OF SURFACES OF HIGH-
TEMPERATURE SUPERCONDUCTING MATERIALS

The complex structure of the surfaces of high-tempera-
ture superconductors is due to the high chemical activity of
metal oxide materials, giving rise to different phase composi-
tions'? of the surface and inner layers. In particular, the
properties of high-temperature superconductors are very
sensitive to the oxygen content (see, for example, Refs. 20-
38). If the concentration of oxygen in YBaCuO falls to a
value 7 — x =~ 6.2 4+ 0.2, a transition takes place from metal-
lic to semiconducting conduction characterized by a band
gap AE=0.7-0.9 eV (Refs. 39-41).

The oxygen deficit in the surface layer may be due to a
number of factors. We shall consider only the most impor-
tant of them.

2.1.influence of conditions during synthesis

The properties of the surfaces of high-temperature su-
perconducting films depend strongly on the method used in
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preparation (ex situ or in situ). In the case of the most thor-
oughly investigated materials of the YBaCuO type this is
due to the high chemical activity of barium.

If the synthesis takes place ex situ, then even a brief
exposure of the surface of a ceramic to air during the film
preparation stage destroys the superconductivity in the sur-
face layers and this is due to the formation of BaO and
BaCO, layers characterized by insulating properties.**™’
For example, investigations of YBaCuO films carried out
using a transmission electron microscope have shown* that
the compound YBa, Cu, 0, is formed only in the middle of a
film at a distance of 350 nm from the surface. As we move
toward the surface (in a layer of =50 nm thickness) it is
found that large inclusions of the compound Y,Ba,Cu,0,
are encountered and these merge forming a homogeneous
material, which no longer exhibits the superconducting
properties. Figure 1 gives the results* of an investigation of
the surface of a YBa,Cu,; 0, ceramic made using an im-
proved version of the Rutherford backscattering method.
We can see that the atomic concentration of oxygen y
reaches values close to 7 only at a distance of 150 nm from
the surface.

If the evaporation of the original ceramic and its anneal-
ing take place entirely in vacuum (in situ), the composition
and properties of the surface layer depend on the presence of
CO, vapor in the vacuum chamber***® and on the rate of rise
of temperature. If the rate of rise is less than 10 °C/s, then
strong diffusion of Ba takes place toward the surface and this
creates a phase composition different from that in the interi-
or of a superconductor. If the rate of rise of the annealing
temperature is of the order of 10 °C/s or higher, the diffusion
of Ba is kinetically limited and the surface is oxidized com-
pletely forming the main phase composition.*?’

However, this composition is metastable and even after
synthesis it decomposes continuously because of the diffu-
sion of oxygen from the surface.’*”*” Such diffusion is signifi-
cant even at very low temperatures in the range 720 K
(Ref. 52) and at T>150 K it influences significantly the
structural properties of these materials®® creating surface
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FIG. 1. Variation of the atomic concentration of oxygen y in Y ,Ba,Cu,
O, ceramic away from the surface into the sample.**
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dislocations and strong mechanical stresses and thus causing
the surface to crack.

2.2. Cleaning of the surfaces of high-temperature
superconductors

A nonsuperconducting layer can be removed from the
surface of a ceramic mechanically, by cleavage, or by scrap-
ing off the layer in vacuum or in an oxygen atmosphere.
However, this method is inconvenient and it does not always
give the desired result (see Secs. 3 and 4).

Ion cleaning in an inert-gas (Ar, Ne) plasma, which is
traditional in microelectronics technology, reduces the
thickness of the nonsuperconducting layer but does not re-
move it completely since it causes structural changes in this
layer (Cu-O bonds are broken and oxygen diffusion takes
place). For example, photoemission investigations®****°
have shown that such cleaning destroys the superconductivi-
ty in a surface layer of thickness of the order of 3 nm. Clean-
ing in an oxygen plasma®' results in less damage but the re-
sults depend on the cleaning procedure (its duration and
angle of incidence of ions on the surface).

Another cleaning variant—cathodic sputtering of the
surface (known as backsputtering )—also results in damage
to the superconducting properties of the surface, but the re-
ported results®'~*® show that this variant is preferable to ion
bombardment.

It therefore follows that the surfaces of high-tempera-
ture superconducting materials are highly unstable. This
means that they have to be protected by films of other mate-
rials practically immediately after synthesis. However, the
number of materials suitable for this purpose is very limited.

2.3. Interaction of high-temperature superconductors with
metals

A comparative analysis of the binding energy®’ of ox-
ides of different metals shows that only nine oxides (those of
Ru, Rh, Pd, Ag, Os, Ir, Pt, Au, and Hg) have alower binding
energy”’ than CuO. All the other metals react chemically
with metal oxide ceramics and this is accompanied by the
loss of the superconducting properties of surface layers of
high-temperature superconductors and oxidation of the ma-
terials in contact with them. This has been confirmed by
experimental studies made by optical®®* " and photoemis-
sion***#*9 738 methods for the investigation of surfaces, and
it is also supported by the data on ohmic contacts,®'-**%%!!!

Optical investigations in situ®® have shown that near the
boundary between YBaCuO and Al or In there is an oxygen-
depleted layer of YBa, Cu, O, 5, of thickness of 1.5-2 and 1.2
nm, respectively, whereas at the boundaries with Auand Ag
alayer of YBa, Cu; O  of thickness 1.5 and 1 nm is formed.

It follows from the photoemission data’” that the pro-
cess of deposition of Al on the surface of a ceramic is accom-
panied by oxidation and AlO; growsin the first ~ 1.4 nm. In
the case of thicker Al films the oxidation reaction is kineti-
cally limited because the diffusion of oxygen across the oxide
layer is hindered and, beginning from thicknesses of the or-
der of 2.3 nm, the growth of a metallic Al film is observed.
This growth is of cluster nature right up to thicknesses of the
order of 10 nm. A continuous Al film is formed when the
thickness of the normal (N) layer is considerable.

Similar investigations of the interfaces between the
compounds LaSrCuQ, YbA CuO, or BiSrCaCuO with other
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TABLE 1. Thickness of oxide films formed as a result of deposition of various materials on the

surface of YBa,Cu,0, _,

Material Fe Al Ti In Bi Pb Cu

Ag Au

Oxide° film thick- | 24 14 10 8 8 4 4
ness, A

Reference (741 { (77, | 1841 | 1791 | 1821 | (801 | (80,
79] 88]

[40] |(40, 80, 81,
9]

»

materials (Fe, Ti, In, Cu, Pt, Pb, Bi, Ge, Si, Au, Ag) have
shown**>*! that the kinetics of the growth of film of these
materials on the surfaces of ceramics (with the exception of
Ag and Au) differs from that described above for Al simply
by the thickness of the oxide film (Table 1). Strong oxidation
of these materials is accompanied by the loss of supercon-
ductivity and the formation of a semiconducting surface lay-
er of thickness 2-5 nm. This result has been confirmed by
measurements®® %1% of the resistance Ry of the bound-
ary between a high-temperature superconductor and a nor-
mal metal (Mg, Al, Zn, Cr, In, Ag, Au) showing that the
smallest values of Ry are exhibited by interfaces between
high-temperature superconductors and Ag or Au. More-
over, it is clear from the results reported in Refs. 66, 92, and
107 that the current-voltage characteristics of ohmic con-
tacts between Mg, Al, Zn, Cr, and In, on the one hand, and
metal oxide materials, on the other, are close to those expect-
ed on the basis of the diode theory of Bethe''? applicable to
an interface between a metal and a p-type semiconductor,
whereas Ry deduced on the basis of this theory decreases on
reduction in the work function of the metal® forming the
contact. Absolute values Ry for these contacts are high
(107 '-10~*)-cm?), demonstrating that it would be impos-
sible to observe the Josephson effect in direct conduction
junctions when metals other than the noble elements are
used as the weak-link material.

Noble metals Ag and Au do not form oxides on the
surfaces of high-temperature superconductors and have rel-
atively little influence on the superconductivity of their sur-
face layers.“>3081:36-8% The experimental data on the electri-
cal resistivity of YBaCuO/Au and YBaCuO/Ag interfaces
can be found in Table II. The majority of the data presented
in this table apply to contacts formed ex situ, i.e., in the
course of the formation of these contacts the surface of a
high-temperature superconducting material is exposed to at-
mospheric air. The longer such an exposure '®*'™ the strong-
er the damage to the surface and the higher the value of R 5.
It should be possible to reduce R 5 to 1077-10~° }-cm? by
several methods:

1) preliminary cleaning of the surface of a ceramic
in an O, plasma or by cathodic sputtering;®®

2) addition of a small amount of Ag, O to the original
charge used in the synthesis of a ceramic;'**

3) annealing of a structure in an oxygen atmosphere
after the formation of a boundary.

However, none of these procedures can restore com-
pletely the superconducting properties of the surfaces of
high-temperature superconductors and the structure of the
boundary remains fairly complex.'®' The process of anneal-

61-65
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ing of contacts is accompanied not only by the diffusion of
oxygen to the contact region, but also by penetration of the
normal metal into the investigated high-temperature super-
conducting material. The nature of the diffusion of Au and
Ag into metal oxide materials is different. As a rule, gold
forms large inclusions in a high-temperature superconduct-
ing matrix'"*"''® and has a much lower penetrating power
than silver,* which can diffuse to a depth of ~1 pm (Refs.
123-125). This may increase the effective contact area and it
is likely that this takes place in the technologies suggested in
Refs. 104 and 111.

It therefore follows that from among all the known
methods for forming ohmic contacts, the most promising are
those proposed in Refs. 66 and 109. In the former the depo-
sition of a noble metal is preceded by cleaning the surface of a
high-temperature superconductor so as to remove the non-
superconducting phase by cathodic sputtering. In the latter
method'® a contact is formed /x sitw and a YBaCuO film is
grown in an oxygen atmosphere (4 1072 Pa) and is an-
nealed at 7 = 850 °C reached at a high rate (>10 °C/s) and
gold film is deposited on the surface at T = 20 °C after cool-
ing still in vacuum.

These technologies open up an opportunity (see Sec. 6)
for the fabrication of high-temperature superconducting
Jjunctions exhibiting direct conduction.

2.4. Interaction of high-temperature superconductors with
insulators

According to the current state of knowledge, there are
no insulators that do not react chemically with high-tem-
perature superconducting materials. The processes occur-
ring at an interface between such a material and an insulator
depend strongly on the temperature and method used to
form the interface.

For example, it is shown in Ref. 126 that the deposition
by the method of rf magnetron sputtering on a YBaCuO film
(500 nm) of Nb,O; (600 and 155 nm) or Al,0; (60 nm)
layers results in considerable structural changes in the su-
perconductor. A strong diffusion of Ba to the free surface of
the insulator takes place and Nb or Al penetrates into the
high-temperature superconductor to a depth of the order of
60 nm. The quality of the films deteriorates (the values of T,
and I, decrease) and the temperature dependence R(7) in
the vicinity of T, changes from metallic to superconducting.

A comparative analysis of the binding energies shows®’
that formation of Ba salts at the interface between YBaCuO
and an insulator is likely for energy reasons. In fact, investi-
gations of solid-phase chemical reactions between
YBaCuO and the insulators traditionally used in microelec-
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TABLE II. Resistance of the interfaces between high-temperature superconductors and Au or

Ag.
Contact material Additijonal treatment of contact Ry, N-cm? Reference
Bulk Annealing for 6 h at 950 °C <3-10™ {102])
YBaCuO/Au Annealing for 1 hat: {99}
200 °C 8.108
300 °C 7.1078
400 °C 7-10~8
Annealing: [95]
24 h, 900 °C
16 h, 700 °C 5.107
8 h, 400°C -
Contact formed after storage 2,9-107% (100]
in air for 0.8 h
Film of YBaCuO/Au | Annealing for 1h, 850°C 3<10:: (10}1
Annealing for 10s, 750 °C 07 tot]
! . . 4.10 (48]
Annealing for 20 min, 850 °C 4.40™10 {109
No annealing 5.5.40™? 161}
Surface cleaning in O, plasma "3.10~0 {62]
Surface cleaning in O, plasma 5.10~7
lh, P= 133 Pa, W = 10 watts 40-8
Bk o A Annealing for 5 h at 500 °C oo (98]
4 No annealing <10~ {94]
Annealing for 30 min at 970 °C -
Bulk : 7,5-107¢ 1961
YBaCuO/Ag/Al Annealing for2hat 775K
Bulk Ar]ln}elallirslgzoc 15 41079 [106]
YBaCuOy/A, . 4
e 1h, 400°C 4-107
Lh, 500°C 3810
2h, 500°C s'éjio_s
1 Buik No annealing
u Contact formed after storage
YBaCuO/A in ai 9-107 [100]
/Ag in air for 0.8 h ih 6,2-10°8 '
Annealing at 500 °C 3-10° [110]
No annealing 3,3.107¢ [108)
Bulk No annealing: { 5.10- [104]
YBaCuO + Ag, /A x=0 ,0+107
+ Aede x=0,5 1,6-10°8
x=1.5 _ 5-10-¢
Annealing for 40 min at 1100 °C:
x=10,5 1.1073
x=4 2.1078
Annealing for 1 h at 1100 °C:
x=1 7-4077
x=3 24077
Storage in air for 110 days:
x=0 9,7-10
x=1,5 9,6-107¢
Film of YBaCuO/Ag Annealing for 10 h at 550°C 5.107® [90]
Annealing for 40 min at 880°C 3'10::D {107]
Annealing for 1 h at 500 °C 10 (66|

tronics (MgO, SrTi0,, Zr0,, YSZ, Al,0,, Ti0,, Si, Si0,,
Cr,0,, CaF,, WC) has shown'?”'*® that a rapid formation
of these compounds begins at certain annealing tempera-
tures (Table 111).

Studies of the chemical composition of transition layers
at the interfaces between metal oxide films and various insu-
lating substrates confirm this conclusion. Annealing at
900 °C results in intensive chemical reactions between

TABLE IIL Products of chemical reactions between YBaCuO and insulators, identified using
results of x-ray analysis.'?’

| Temperature at which
Insulator Reaction products compounds were detected,
K
YSZ BayZr,0,, BaZrQ,, BaY,CuO, 900
710, Ba,Zr,0;, BaZrO,, BaY,CuO, 900
ALLO, BaALO,, BaY,CuO, 900
TiO, BaTiO;, BaY,CuO, 800
Si0, Ba,Si0, 800
Si Ba,Si0, 700
CaF, BaF, 700
Cr;04 BaCrO,, BaCr,0, 600
wC BaWO, 600
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TABLE IV. Values of parameters D, and T, governing the diffusion coefficient D = D,
exp( — T, /T) of materials at the YBaCuO/insulator interface determined at temperatures in

the range 600< T<1000 °C (Ref. 138).

Diffusing element Host material Dy, nm?-s~" To K
Cu (from YBaCuQ) MgO 7.4-10% 18 200
Quartz 8.1-10¢ 13 700
Sapphire 6,1-10% 10 500
Mg (from MgO) YBaCuO 6,2-10° 15 600
Si (from quartz) YBaCuO 1.2.408 18 300
Al (from sapphire) YBaCuO 2.0-10¢ 12 700

YBaCuO films and substrates made of Si, SiO,, SrTiO,,
Zr0,, Al,O,, BaTi, and NiAITi (Refs. 125 and 129-141).
The thickness of the layer where the reaction take place in-
creases with temperature and at 7'~ 800~900 °C ranges from
0.15 um (in the case of Al,O, substrates**'** and MgO
substrates'*®) to 0.4-0.6 um (for ZrO, and SrTiO, sub-
strates'?>"3%14%y It follows from Table IV, which lists the
mutual diffusion coefficients of some insulators and YBa-
Cu0, and from the results reported in Refs. 129-133, that
the insulator most active chemically is Si.

3. JOSEPHSON JUNCTIONS BETWEEN HIGH- AND LOW-
TEMPERATURE SUPERCONDUCTORS

The methods used in the fabrication of Josephson junc-
tions between high- and low-temperature superconductors
are practically the same as those employed in the case of
traditional low-temperature superconductor structures.
Point contacts are formed by pressing a thin rod ( “needle”)
made of an ordinary (low-temperature) superconductor
against the surface of a high-temperature superconducting
material."**'*® Tunnel SIS junctions*'¢'-'%® and SNS sand-
wiches®>®* are formed by depositing consecutively—on a
bulk high-temperature superconducting material or on a
high-temperature superconducting film—an insulator layer
(SIS) or a layer of a normal metal (SNS), followed by a film
made of an ordinary (low-temperature) superconductor.

Experimental investigations have shown that manifes-

Attenuation, dB ~o0-38-20-10 7 —~4-2-1 8

107 GHz
57K

:
Is
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200 pv

FIG. 2. Typical current-voltage characteristic of a Josephson junction
with high-temperature superconducting electrodes and its evolution on
increase in the microwave signal power.??’ Here, I, is the critical current
of the junction, Ry is the normal resistance of the junction, I, is the
excess current. The numbers give the attenuation in decibels.
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tations of the Josephson effect in structures formed from two
low-temperature superconductors have much in common
with the properties of structures formed from high- and low-
temperature superconducting materials. Firstly, the cur-
rent-voltage characteristics of these junctions exhibit a su-
perconducting region with a nonzero critical current /.
Secondly, exposure to a microwave signal of frequency o
may give rise to the Shapiro steps (Fig. 2) in the current-
voltage characteristics and these steps occur at voltages V
related to w by the Josephson equation

(3.1)

The amplitude of these steps AI,, (and the critical current)
frequently oscillate with microwave signal power, which is
clear proof of the occurrence of the transient Josephson ef-
fect in the junctions and also of a single-valued (nearly sinu-
soidal) dependence of the superconducting current (super-
current) on the difference between the phases of the order
parameters of the two electrodes. Finally, one- or two-con-
tact interferometers with junctions between high- and low-
temperature superconductors frequently exhibit periodic
dependences of the supercurrent on the external magnetic
field that are analogous to the corresponding dependences in
the case of interferometers with contacts between two low-
temperature superconductors.

These data have been used to draw the conclusion that
the singlet mechanism of electron pairing applies to high-
temperature superconducting materials with the pair charge
amounting to 2e.

However, the experimental values of the main param-
eter of a Josephson junction, which is a characteristic voltage
V. =I_R y (Ry isthe‘‘normal” resistance of the junction at
a given temperature, which can be determined from the
asymptotic slope of the current-voltage characteristic), have
been found to be unexpectedly small for practically all con-
tacts between high- and low-temperature superconductors
(Table V). In fact, according to the standard theory of su-
perconductivity in the case of, for example, a tunnel junction
between high- and low-temperature superconductors, we
can expect V, to be characterized by ¥V, greater than or of

the order of 1 mV:

A 4A
Ve & —e’-ln—A!'-z6 mV, T €Ty < Ten;

1
here, A, (=20 meV) and A, (= 1.5 meV) are the values of
the moduli of the order parameters of the two superconduc-
tors forming the junction, as deduced from the BCS theory
using the critical temperatures of the two materials
T.=100Kand T, =10K.

(3.2)
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TABLE V. Principal parameters of Josephson junctions between high- and low-temperature

superconductors.
Material T, K T, K V., mV ] Ry, 0 Reference
Point contacts:
YBaCuQ/Nb 90 4.2 0.015 0.19 ~+* 142
90 1,9 0.81 73 + 143
90 1.9 0,29 46 + 144
92.5 4.2 0,16 2,4 + 145]
94 4.2 0.1 1.5 + 146
89 4.2 0,1 100 + 147
92 4,2 0,03 0.6 * 148
93 4,2 0,12 4 149
93 4,2 0.1 100 + 150
YBaCuO/Ag/Nb 90 3.9 0,005 0.08 + 151
YBaCuO/NbZr 85 4,2 0.65 150 + 152
YBaCuO/Pb 92 6.9 0,046 0,1 + 153
94 4.2 0.8 10 . 154
Ba, ,Y,,Cu0y/Pb 77 4,2 0.03 3 + 155
YBaCuQO/Ta 94 2.85 0,75 15 + 156
YBaCuO/Sn 94 1,7 0.24 1 + 156
YBaCuO/(PbSn) 91 3.7 0.06 6 -+ 157
ErBaCuO/Nb 91 4.2 0,115 23 -+ 145
83 4.2 0.1 0.1 -+ 158
BiSrCaCuQ/Pb 74 4.2 0,5 10 . 154
BiSrCaCuQ/Nb 76 4.2 0,015 5 * 159
T1CaBaCuO/Pb 125 4.2 0,3 10 * 154
126 4,2 0,6 0,4 - 160
Tunnel junctions:
YBaCuQ/In 92 1,65 0,033 1,13 * [161]
YBaCuQ/CdS/In 92 1.8 0,005 0,18 * [161]
YBaCuO/Au/AlIO,/Nb 90 4,2 0,04 0,8 ~+,* [162, 163)
YBaCuO/AlO,/Nb 90 4.2 0.61 7.6 + ., [163, 164]
90 4,2 0,037 4,1 +,* [163, 164]
YBaCuQ/SiO/Nb 90 4.2 0.1 7 * [164]
YBaCuO/Ag/PbO, /Pb 90 3.7 [ 0,08 [90]
YBaCuO/Pb} 4.2 0,38 6 [166]
SNS sandwiches:
YBaCuO/Au/Nb:
dy, = 30 nm 67 4,2 0,013 0.00048 + [62—65)
dp, =50 nm 64 4,2 0.007 0,0012 -+ [62—65)
dp, =100 nm 63 4,2 0.0006 0,00016 + [62—865]

external magnetic field was nonmonotonic ().

*'Here, the symbols + and * denote papers in which the Shapiro steps were observed on expo-
sure of junctions to a microwave signal ( + ) or the dependence of the supercurrent on the

We can see that experimental values of ¥V, with the
exception of those reported in Ref. 90, differ from ¥V, by at
Jeast an order of magnitude. In the case of the results report-
ed in Ref. 90 a film of YBaCuO had silver electrodes 1000 A
thick and the resultant structure was subjected to additional
annealing in an atmosphere of O, at T= 550 °Cfor 10h. The
silver electrode was coated with a film of Pb. The authors of
Ref. 90 assumed that an oxide PbO, acting as a tunnel bar-
rier formed automatically at the Pb/Ag interface. The cur-
rent-voltage characteristic of the resultant structure, which
exhibited a strong hysteresis in the range of voltages below 6
mV, and the linear temperature dependence I, < Ty — T,
where 7, ~6.3 K < 7., = 7.2 K, led to the conclusion that
the structure obtained was a Josephson junction of the SNIS
type. Unfortunately, this junction was not exposed to a mi-
crowave signal so that no clear proof was obtained of the
occurrence of the Josephson effect in the junction.

Such low values of ¥, are a natural consequence of the
results presented in Sec. 2. Practically all the junctions for
which the parameters are listed in Table V were prepared ex
situ and in the course of their preparation the surfaces of the
high-temperature superconducting electrodes were exposed
to atmospheric air so that a surface layer with a semicon-
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ducting nature of conduction was formed on these elec-
trodes. In the absence of any preliminary purification of the
high-temperature superconducting material the critical cur-
rents of the point contacts formed in this way were very
small (<5uA) even at low temperatures. The destruction of
the resultant layer and the formation of a contact required
large forces which altered significantly the radius of the
point and the superconducting properties of the grains in the
high-temperature superconductors in the region of the con-
tact."*2'%7"17* Consequently, a weak link "**'”* could be local-
ized not in the region of the point contact with the surface
but at the neighboring grain boundaries. The use of single
crystals as the high-temperature superconducting elec-
trodes'*® did not increase ¥, since again a nonsuperconduct-
ing layer was present on the surface.

Numerous attempts designed to use such a layer as a
“natural barrier” in tunnel junctions between high- and low-
temperature superconductors'®’"'”* have failed to reveal the
Josephson effect. This is fully expected. As pointed out al-
ready in Sec. 2.3, the deposition of a metal on the surface of a
high-temperature superconductor is accompanied by partial
oxidation of the metal and additional damage to the super-
conducting ceramic surface. Therefore, in the absence of
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buffer layers between high- and low-temperature supercon-
ductors, a thick insulating layer is formed at the interface
between them and in practice this layer prevents observation
of the Josephson effect.

A preliminary treatment of the surface of a high-tem-
perature superconducting material (mechanical polishing
or ion-bombardment cleaning) has made it possible to in-
crease the current I, for many point contacts by an average
of one order of magnitudeat 7= 4.2 K (Refs. 148, 149, 157)
and to form tunnel structures with I, #0 (Refs. 161 and
165). Nevertheless, it has not been possible to remove com-
pletely an insulating surface layer and low values of ¥, have
again been obtained.

In the case of tunnel junctions the critical current has
been observed mainly in the presence of deliberately formed
barriers, such as films of Cd (Ref. 161), A10, (Refs. 162—
164), and SiO (Ref. 165). The chemical activity of these
insulators (see Sec. 2.4) falls steeply as a result of cooling.
Therefore, cooling of the high-temperature superconducting
substrate and formation of a junction should stabilize the
boundaries of the structure. In fact, water cooling'®*'"™* in-
creases the critical current. Moreover, in the absence of the
current'®%1%3 the junctions formed in this way fail to mani-
fest the Josephson properties.

It is suggested in Ref. 175 that an insulating layer
should be formed by chemical interaction with the surface of
a high-temperature superconducting material consecutively
in two stages: in an O, plasma and in a CF, plasma. How-
ever, YBaCuO/YBaCuQO:F/Nb junctions formed in this
way did not exhibit a critical current. Additional investiga-
tions of the structure of the junctions showed that a short
( <0.5 min) treatment in CF, caused niobium to react
chemically with YBaCuO and a longer treatment ( > 2 min)
induced diffusion of fluorine into a high-temperature super-
conductor to greater depths and destroyed the superconduc-
tivity in a layer of thickness in excess of 0.3 ym.

An alternative method for cleaning in the process of
preparation of the surfaces of high-temperature supercon-
ductors was used in Refs. 143, 146, 166, and 176. Before the
formation of a point'**'# or tunnel'®® contacts a part of a
high-temperature superconducting material was cleaved at a
helium temperature and the resultant surface was used in the
subsequent operations. However, the results obtained for
junctions prepared by this method did not show an increase
in ¥, (as demonstrated in Table V). Most probably'’” a
polycrystalline sample was split along inner grain boundar-
ies and a material with properties different from those inside
the grains again appeared on the surface. It was proposed in
Ref. 166 to avoid contacts with grain boundaries by sawing a
nick in the substrate and then fracturing it in helium togeth-
er with an epitaxially grown film deposited on this substrate.
This should produce an end surface formed not only by inner
grain boundaries, but also by the superconductor itself.
Evaporation of a lead film in vacuum without any exposure
to air made it possible'® to prepare tunnel junctions with ¥,
~0.5mV (at T=4.2K).

In contrast to point contacts and tunnel junctions, stud-
ies of the Josephson effect in SNS-type structures between
high- and low-temperature superconductors, was carried
out only by one team of researchers.®”** They formed
YBaCuO/Au/Nb sandwiches ex situ and before deposition
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of a gold film they subjected the surface of the high-tempera-
ture superconductor to ion cleaning. This method of forma-
tion of an ohmic boundary led (see Secs. 2.2 and 2.3) to
relatively high surface resistances. This was indeed con-
firmed experimentally: the normal resistance of the sand-
wiches Ry =~ 1072 Q was considerably higher than an esti-
mated resistance of the gold spacer R, =10’ Q and
corresponded to values Ry ~ 1077 2-cm?

Unfortunately, the majority of the experimental inves-
tigations analyzed in this section were of the demonstration
type and yielded qualitative results designed simply to con-
firm the existence of the Josephson effect in structures
formed between high- and low-temperature superconduc-
tors. Studies of point contacts (with the exception of that
reported in Ref. 142) did not exhibit the dependences V_(T)
and the dimensions of tunnel junctions and SNS sandwiches
were considerably greater than the Josephson penetration
depth A4,. Therefore, in the subsequent discussions (see Sec.
5) we shall confine ourselves only to an analysis of the ex-
perimental data reported in Ref. 142.

4. JOSEPHSON JUNCTIONS BETWEEN TWO HIGH-
TEMPERATURE SUPERCONDUCTORS

The structures formed by Josephson junctions between
two high-temperature superconductors have exhibited a
greater variety. In addition to the structures already ob-
tained (point contacts,'?%15%154.160.178-186 NS gand.
wiches,'?* and SN-N-NS variable-thickness bridges®"'®’),
the Josephson effect was discovered also in junctions at grain
boundaries of ceramics (of the break junction type'**'* or
bulk junction type'®*~2°°), in high-temperature supercon-
ducting films,2'>?* and also in microcracks within
grains. 243,244

As in the case of structures formed between high- and
low-temperature superconductors, the current-voltage
characteristics of junctions between two high-temperature
superconducting materials can exhibit the Shapiro steps at
voltages related to the microwave signal frequency by the
Josephson expression given by Eq. (3.1). In some cases the
number of these steps increased up to 30. In Ref. 209, Eq.
(3.1) was used to determine accurately the ratio 2¢/#, which
with a relative precision of 5.6 X 10~ ® was identical with the
value determined for junctions between two low-tempera-
ture superconductors. Nonmonotonic dependences of the
supercurrent on an external magnetic field have been ob-
served for single junctions, *>2%2%27 35 well as for two- and
one-contact interferometers used in SQUID magnetic flux
Sensors.l92,212—2[5,2l7,220,221,225,233,235,240.24l HOWCVCT, these
data do not provide any information on macroscopic quan-
tum effects in high-temperature superconductivity in addi-
tion to that presented in the preceding section.

The experimental values of the characteristic voltage
¥V, of practically all contacts between two high-temperature
superconductors, with the exception of those reported in
Refs. 243 and 244 (Table VI), have been at least an order of
magnitude lower than the naive theoretical estimate of the
same quantity:

A, (0)

~ 20 —30mV, T<< Ten. (4.1

Voo e

obtained for tunnel SIS structures with high-temperature
superconducting electrodes.
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TABLE VI. Principal parameters of Josephson junctions between two high-temperature super-

conductors.
Materials T, K T.K V,mV | Ry,Q Reference
Point contacts:
YBaCuO/YBaCuO 93 4.2 0.08 2—500 149
94 4.2 0.12 60 154
85 4.2 0.2 100 —+* 152
94 4.2 0.03 6 [178, 1791
95 4 0,2 + 180
95 4 0.7 40 —+ 180
97 4.2 0.06— | 0,6—5 1814
0.08
91 4,2 Ho 0.5 | 10—50 * 182
93 4.2 0.04 0.25 * 183
88 77 0.04 2 + 184
77 0,01 2 185
YBaCuQ/BSCCO 4.2 0.75 1500 154
YBaCuO/TCBCO 4.2 0.2 20 154
CdBaCuO/CdBaCuO 94 2 0,05 50 + 186
BiSrCaCuQ/BSCCO 74 4.2 2 100 154
TICaBaCuO/TCBCO 125 4.2 0.7 70 154
Grain-boundary 122 10 0.14 14 . 160
contacts:
YBaCuO 90 4.2 1 0,05 + [188]
(break junctions) 90 4.2 2 0.2 + 1189, 190]
YBaCuO 80 4.2 0.4 0.1 + 194
(bulk junctions) 93 10 3 2 s, + 192
88 50 0.22 0.002 + 193
90 77 0,16 0.38 + 199
77 0.5 0.1 », + 195
87.8 77 0,2 0,02 + 198
87.8 77 0.05 0.08 + 196
93 77 0.2 2 «+ 192
77 0.03 0.03 + 197
90 77 0,03 0.006 + 198
92 77 0.45 6 + 199
93 77 0.07 0,07 *, + 200
91 77 1.6 0.008 201
90 77 0.03 0.005 *, 4+ 202
80 77 <1 0.1—10 243
77 0.05 0.5 + 203
BiSrCaCuO 54 4.2 0.2 1.2 s, + 204
TIBaCaCuO 118 77 0.18 0,08 + 206
YBaCuO 90 4.2 0.06 0,5 + 229
(film) 85 4.2 0.01 0.001 237
78 4.2 0.5 0,m * 213
91 4.2 0,5 0.25 », + | {214, 215]
81 4,2 0.23 1.4 + 239]
89 4,2 1.5 0,03 + 238}
88 5 1 1.13 + [226—228]
74.5 5.5 2 1 » 242
88 24 0.2 8 216
41 <3 3 » 219
70 43 0.1 0.36 * + 225
86 57 0.48 0,3 + 223
70 60 0.006 0,14 ., + 225
78 70 0.02 1.25 - + 221
9 77 0.1 0.4 *, + | [214, 215}
90.7 77 0.18 0.3 - + 221
77 0.14 14 236
85 77 0.04 0.16 *, + 235
90.7 77 0.18 0,3 , * 222
BiSrCaCuO 70 4.2 3 100 * 240
TiBaCaCuO 114 77 1.4 2 * 220
TIBaCaCuO 105 77 0,26 0,07 233
105 77 0.08 0.13 * 233
105 77 0.34 0.2 233
Microcrack junctions .
in grains:
YBaCuO 90 4.2 5.5 + [243]
BiSrCaCuO 87 4.2 19 -+ (243, 244]
TiBaCaCuO 108 4,2 20 + [243)
Tunnel junctions:
YBaCuO/YBaCuO 50 4,2 0 [246, 247]
Weak links:
sandwich
YBaCuO/Ag/YBaCuO 80 4.2 1.5 0.1 + {123}
variable-thickness
bridge
YBaCuO/Ag/YBaCuO 90 4,2 0.0035 0,33 + (91]
*'Here, the symbols + and * denote papers in which the Shapiro steps were observed on expo-
sure of junctions to a microwave signal ( 4 ) or the dependence of the supercurrent on the
lexternal magnetic field was nonmonotonic (*).
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4.1. Point contacts

Formation of point contacts between two high-tem-
perature superconductors meets with the same difficulties,
associated with the destruction of a nonsuperconducting
surface layer in high-temperature superconducting materi-
als, as in the case of analogous junctions between high- and
low-temperature superconductors. The values of the charac-
teristic voltage in the case of contacts between two high-
temperature superconductors'® 32134178186 q¢ T'— 47 X
lie within a range 0.1-1 mV and the critical optical currents
are low ( <5 uA). On increase in temperature (7> 40 K)
these currents are usually suppressed by thermal fluctu-
ations. Therefore, we shall not consider in detail the results
obtained for these structures.

4.2. Junctions at microcracks (break junctions)

A Josephson junction of the break type is formed as a
result of deformation of a bulk polycrystalline sample at he-
lium or nitrogen temperatures'®'"'**> when such a sample is
supported, for example, by a spring. Such deformation is
interrupted immediately after fracture (manifested by a
steep rise of the resistance).

The contacts prepared by this method from samples
with transverse dimensions exceeding greatly the average
size of grains have values of ¥ not exceeding several milli-
volts at helium temperatures and the corresponding values
of R arein the range 0.1-10 £). An internal crack in such a
sample follows grain boundaries and a Josephson junction
appears at one or several such boundaries in the region of a
fracture. Junctions of this type are extremely unstable and
their parameters vary as a result of cycling of external condi-
tions. We shall therefore ignore the results obtained for these
junctions.

4.3. Junctions at internal grain boundaries

In junctions of this type a weak link is established
between grains in metal oxide ceramics. In the case of bulk
samples (bulk junctions),"*>'®2® gsuch junctions are
formed mechanically by reducing the thickness of the sam-
ple in one or two dimensions. In the case of thin films?'®** a
similar result can be obtained by an abrupt change in the
width of a part of a film (formation of a Dayem bridge)
produced by photolithography'*>?'>??* or by laser beam ab-
lation. 2*2?% Similar results follow irradiation of an addi-
tional part of a film with ions****** or injection of quasiparti-
cles;’”® Local thermal diffusion of gold along grain
boundaries in high-temperature superconducting ceramics
can also be used.?**

Investigations of junctions at grain boundaries can be
divided into two groups. The first (and more numerous)
includes studies of structures containing a statistically large
number of grain boundaries in the region where the super-
current is concentrated. This makes it quite difficult to inter-
pret the results obtained and may result in suppression of the
amplitude of the Shapiro steps in the current-voltage charac-
teristics'' or it may induce subharmonic singularities in
these characteristics.'**'**?** The temperature dependences
of the critical current I (T) << (T, — T)" at T=T, estab-
lished experimentally for these junctions can also vary great-
ly. The power exponent n in such dependences is reported to
be close to 2 in Refs. 197, 210, 221, 222, and 225, whereas
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according to Refs. 191, 212, 213, and 237 it is 3/2 and the
value n = 1 is given in Refs. 197, 199, 217, and 228. More-
over, as in any other granulated system, an increase in the
supercurrent first results in destruction of the separate
weaker parts of the junction. This leads to typical “humped”
(at low voltages) current-voltage characteristics with a
critical current which is difficult to determine. Clear infor-
mation on the properties of the individual grain boundaries
is very difficult to obtain from an analysis of such current-
voltage characteristics. We shall therefore not consider the
properties of these junctions.

It is much more interesting to discuss the results of in-
vestigations of junctions with few boundaries in the region
where the supercurrent is concentrated.??'-22%23%23 gych
junctions are of the Dayem bridge type and they can be
formed if the size of a grain in the original high-temperature
superconducting film is comparable with the geometric di-
mensions of the constriction where the supercurrent is con-
centrated. In the case of ceramics based on Bi (Refs. 243 and
244) and TI (Ref. 233) the formation of large grains pre-
sents no serious difficulties. In the case of YBaCuO films it is
possible to form large (5-100 um) grains by annealing at
high (900 °C) temperatures.??!-22523¢

In spite of the use of different high-temperature super-
conducting materials, the grain-boundary junctions have a
number of properties in common. Firstly, their specific nor-
mal resistance Ry lies in the range 10~7-107% -cm? It is
important to note that an increase in temperature may re-
duce Ry considerably (Refs. 225 and 238). Secondly, the
current-voltage characteristics of these junctions??!-2%%.238
are typical of structures with direct conduction (an excess
current is observed at high voltages and there is no hystere-
sis). Thirdly, the absolute values of the characterstic voltage
of such contacts are considerably less than the limit de-
scribed by Eq. (4.1), and the rate of rise of ¥, falls strongly
as aresult of cooling, so that at temperatures in the range T/
T, =0.3 the dependence ¥, (T) becomes practically a pla-
teau.224'225’238

The results of an investigation of the dependences of the
properties of grain boundaries on the mutual orientation of
crystallographic axes forming a grain boundary are of spe-
cial interest,?26-228

4.4.influence of grain misorientation on properties of grain-
boundary junctions

A series of investigations?®*** of a bicrystal SrTiO,
film made it possible to grow epitaxially structures in the
form of a YBaCuO crystal characterized by T, =~86-88 K
with the temperature width of the superconducting transi-
tion AT~ 3-6 K. The geometry of the substrate crystals was
selected so that the vectors [0, 0, 1] for the grown crystals
were perpendicular to the substrate and the vectors [ 1, 0, 0]
of the components of the bicrystal met at an angle of 8. A
laser beam was used to cut superconducting strips 10 um
wide in each of them and such a strip contained a grain
boundary (Fig. 3). Investigations of this boundary in a
transmission electron microscope as well as the results of ion
spectroscopy demonstrated that the boundary was abrupt on
the atomic scale and its composition was close to that of the
grains (small differences in the concentrations of Sr and Ti
occurred only in the immediate vicinity of the substrate).
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The average distance b between dislocations localized at the
boundary decreased (b« 8 ~') on increase in 8 and in the
range &% 10° the dislocation regions overlapped.

The presence of dislocations gave rise to a strong depen-
dence of the critical current of the boundary 7, on the angle 8
(Fig. 3): it fell approximately by a factor of 50 when the
angle @ was increased from 0°to 20° and reached a practically
constant value in the range 62 20°. The results obtained in
Ref. 227 for films with very different densities of the current
in the grains all fitted the same curve and were in mutual
agreement.

The dependence of the critical current in a boundary /.,
on a magnetic field B perpendicular to the film was very
different from the dependence of the critical current in a
grain I, on the same field B. The value of I, fell approxi-
mately twofold on increase in B from zeroto 1 T, whereas an
increase in the field from zero to 0.002 T suppressed I by
about an order of magnitude in the angular range 8= 5°.
Such a sensitivity to small changes in the magnetic field was
typical of weak links.

The temperature dependences of the critical currents Z,
and 7, were found to be practically the same for grains ori-
ented in the same way (8 %52.5°). However, in the range
6= 5° there were qualitative differences between these de-
pendences.

A characteristic voltage of the structures described in
Refs. 226-228 was in the range 0.15-3 mV at 7=4.2 K,
which was considerably lower than the estimate obtained
from Eq. (4.1). Unfortunately, the absence of any data on
the reaction of the junctions to microwave radiation and the
normal resistance made it impossible to analyze the reported
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results in detail. One could simply say that the differences
between the orientations of the crystallographic axes of the
grains in contacts amounting to a few degrees (< 5°) were
sufficient to form a grain-boundary Josephson junction.

The above analysis of the experimental results obtained
for grain boundaries thus indicates that the most reliable
information on the Josephson properties of these boundaries
is given in Refs. 221-225, 233, and 238. A more detaiied
analysis of these results will be made in Sec. 5.

4.5. Junctions at microcracksin crystals

A bulk polycrystalline sample with grains of 100-200
pm size was used in the studies reported in Refs. 243 and
244:. it was bonded to a substrate (in such a way that the ¢
axis was perpendicular to the substrate) and ground down to
a thickness of 0.1 mm, comparable with the grain size. Then,
a constriction 0.1-0.2 mm wide was formed mechanically in
the central part of the sample; the usual method (described
in Sec. 4.2) was then employed to form a microcrack at heli-
um or nitrogen temperature. In the case of junctions with
high values of ¥ the crack usually passed along twinning
boundaries within a single grain located in the constriction
region. Therefore, a Josephson junction was formed at an
interface between crystal blocks with the {Q, 0, 1} crystallo-
graphic axes oriented almost parallel in the two blocks.

When junctions characterized by ¥, > 5 mV were sub-
jected to high voltages, the current-voltage characteristics
recorded during cooling exhibited a transition from an ex-
cess current 10 a deficit {Fig. 4). At low voltages the junc-
tions formed in BiCaSrCuO exhibited a clear hysteresis and
frequently a nonmonotonic temperature dependence of the
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critical current (with a maximum at T=0.7T, ). However,
these effects were absent in the case of samples made of
YBaCuO and T1CaBaCuO. It is interesting to note that the
junction resistance in the normal state R, increased as a rule
on reduction in temperature (Fig. 4), which most likely in-
dicated the existence (see Sec. 5) of a channel of indirect
tunneling of electrons via localized states in a weak-link ma-
terial.

The results obtained in Refs. 243 and 244 were of funda-
mental importance. They provided the first experimental de-
monstration of the feasibility of formation of Josephson
high-temperature superconductor junctions with high
[close to the theoretical estimate given by Eq. (4.1)] values
of the characteristic voltage.

4.6. Tunnet junctions between two high-temperature
superconductors

We are aware of just two reports®****” of an attempt to

form a YBaCuO/Y BaCuO tunnel junction. Textured films
(with the ¢ axis perpendicular to the substrate) used as elec-
trodes in the study reported in Ref. 246 were about 1 ym
wide and had a thickness of the same order of magnitude,
and they exhibited a transition to the superconducting state
at T=50K.

The most important feature of the formation of a junc-
tion was the absence of a high-temperature annealing stage
in the case of separate films and of the structure as a whole.
Aninsulating barrier was formed on the surface of one of the
electrodes as a result of a 20-min treatment in a CF, plasma
at a pressure of 0.5 Torr when the power supplied to the
discharge was 100 W. After the formation of this barrier a
second electrode was deposited on the first film under the
same conditions. The method used to form junctions in the
second study®*’ was practically the same.

The structures made in this way exhibited a current-
voltage characteristic at 7 = 4.2 K which was typical of NIS
junctions with a clear singularity at a voltage V= A, /e,
where A, =18 mV was the order parameter of the supercon-
ductor; the leakage current was low and the critical current
was zero.

These results were in full agreement with the data ob-
tained for tunnel junctions between high- and low-tempera-
ture superconductors with a “natural” barrier and for
YBaCuO/YBaCuO:F/Nb junctions, indicating perhaps
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FIG. 4. Temperature dependences of the normal resistance R

and of the excess current /,, of junctions formed at microcracks
-4 in grains. a) Junctions made of BiCaSrCuO (V. ~7.8 mV). b)
Junctions made of YBaCuO (¥, =5mV).

that little advantage would be gained from the use of a sur-
face high-temperature superconducting layer as an insulat-
ing spacer in tunnel junctions.

4.7. Structures of the SNS type

The Josephson effect in SNS structures with high-tem-
perature superconducting electrodes was observed for junc-
tions formed both ex situ (Refs. 91 and 123) and in situ (Ref.
187).

The process used in the fabrication of SNS sand-
wiches'>® consisted, as the first stage, of evaporation and
annealing in an oxygen atmosphere of two YBaCuO films on
different substrates. Then, the surfaces of these films were
coated by a thin (5-20 nm) silver film and the samples were
subjected to a fast heat treatment (heating to 400 °Cin 30s,
holding at this temperature for 60 s, cooling to room tem-
peraturein 30s). In the absence of such a fast heat treatment
it was not possible to form contacts characterized by the
Josephson properties. These substrates were deposited
crosswise and were pressed mechanically until a contact was
established. The parameters of such a junction with a silver
film 5 nm thick were as follows at T=4.2 K: V_ =2 mV,
R =0.13 0. The value of R  was considerably higher than
the resistance of the silver film (~107° Q) indicating that
the transparency of the SN boundaries in the investigated
structure was low.'?

A method of fabrication of SN-N-N8§ variable-thick-
ness bridges described in Ref. 91 consisted of three stages. In
the first two stages the methods of direct photolithography
and electron lithography were used to form two YBaCuO
films separated by a gap of 1 um. Annealing in an oxygen
atmosphere was followed by the formation, using explosive
photolithography, of a gold film 0.24 zm thick and 10X 10
um dimensions (when viewed from above); this film joined
the electrodes. The junction was then annealed additionally
in an oxygen atmosphere (10 s, 7= 750°C). The results
reported in Sec. 2.3 indicated that the SN interface formed in
this way should have a low transparency. This was manifest-
ed experimentally by the junction resistance Ry =~0.33 Q,
which was an order of magnitude higher than the resistance
of the bridging film (0.015 ). The value of the parameter
V, was very low (=3.6 uV at T = 4.2 K) because the length
of the bridging film was large compared with the coherence
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length of gold and because of the low transparency of the SN
interface.

One of the possible ways of forming SN-N-NS vari-
able-thickness bridges in situ was described in Ref. 187. The
main idea was to use the ability (mentioned in Sec. 1) of
ceramics to react with insulating substrates. A substrate
made of a chemically less active insulator (MgO) carried a
narrow (1 gm) strip consisting of a more active material
(Si). This was followed by deposition of a YBaCuO film
which was 200 nm thick. In the process of deposition the
substrate temperature was maintained at 650 °C. At this
temperature it was found that barium and copper silicides
formed actively at the interface with silicon. Consequently,
the superconducting phase appeared only on MgO and a
nonsuperconducting compound with a large specific resis-
tance formed on Si. The bridge structure was produced by
deposition of a silver film connecting the superconducting
electrodes. The parameters of the junction describing Ref.
245 were as follows at T=4.2K: ¥V, =70uV, Ry =0.54 Q.
Unfortunately, the reaction of the junction to a microwave
signal was not investigated in the former case.'®’

The current-voltage characteristics of all three junc-
tions were typical of the Josephson structures with direct
conduction. In Sec. 5 we shall return to a discussion of the
results of these investigations.

4.8. Twinning boundary as a possible Josephson contact

Investigations of the dependences of the critical current
in one-and two-contact interferometers on an external mag-
netic field have frequently revealed (see, for example, Ref.
225) oscillations corresponding to contours of quantization
of a magnetic flux much smaller than the average grain size
in high-temperature superconducting films. One of the hy-
potheses explaining this fact was the assumption that these
intragrain contours included twinning boundaries exhibit-
ing the Josephson effect. However, to the best of our knowl-
edge, a direct proof of this hypothesis is still lacking.

5.DISCUSSION OF THE EXPERIMENTAL DATA.
COMPARISON WITH THE THEORY

There many theoretical approaches to the problem of
high-temperature superconductivity (a brief review can be
provided, for example, in Ref. 6), but none of them can ac-
count for all the observed properties of high-temperature
superconductors. Therefore, an analysis of the experimental
data on high-temperature superconducting contacts will be
made using models developed on the basis of the BSC theory.

.5.1. Models of short weak link

The properties of junctions with an extremely short
length L can be described either by the Ambegaokar—Bara-
toff (AB)theory *** (which applies in the case of the tunnel
conduction process) or by the Kulik—-Omel’yanchuk theo-
ries (KO-1, KO-2)?* (in the direct conduction case). At
T=T, all three theoretical models predict that ¥, should
obey a universal temperature dependence

~ 635 uV/K. (5.1)

=T,

A= n]da

Ve =A{T.—D), 4e | ar

When the temperature 7 of the junction is lowered, the KO
theories predict an increase in the parameter V_ at a some-
what faster rate than that deduced from the AB theory, but
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the maximum difference between the absolute values of ¥,
obtained in these two cases does not exceed 50%. At high
voltages (>4, /e) the current-voltage characteristics pre-
dicted by these models differ mainly by the presence (in the
nontunnel conduction case?*>2%*) or the absence (in the tun-
nel case**’?*°) of an excess current.

Comparison of these results with the experimental data
(given in Secs. 3 and 4) shows that, contrary to the frequent
assertions [based on an analysis of the dependences I (T)/
I. (0) ], the predictions of the AB and KO theories are rela-
tively close to the experimental dependences ¥ (T) ob-
tained for junctions at microcracks in grains®***** (Fig. 5).
However, even in the case of these structures the two theo-
ries fail to account for all the experimental observations,
such as an increase in the normal resistance and a change
from an excess to a deficit of the current exhibited by the
current-voltage characteristics when a junction is cooled.
The theoretical predictions can be made to match the experi-
mental results better only by using more complex KO and
AB models.

5.2. More complex models of direct-conduction junctions

The first factor in the more complex KO model, which
is the finite length of a weak link, is allowed for in a simple
model of SNS junctions described in Refs. 260-262. This
model ignores suppression of the superconductivity of the S
electrode because of the proximity of the N metal, whose
critical temperature is assumed to be zero.”

Calculations carried out using this model in the “dirty”
(1€£ %)% and “clean” (/> £ #%)*>** limits predict an
excess current in the current-voltage characteristics and the
values of Ry governed either by the N layer resistance (in
the case when /< £ %) or by the resistance due to the non-
equilibrium nature of the distribution function of electrons
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FIG. 5. Experimental temperature dependences of the characteristic vol-
tage ¥, recorded for microcrack junctions in grains observed in TICaBa-
CuO, BiCaSrCuO, and YBaCuO (curves labeled 1, data taken from Refs.
243 and 244), and for grain-boundary junctions (curves 2-5, data taken
from Refs. 221-223, 238, 224, and 225). The continuous curve is the
dependence ¥V, (T) plotted using the AB theory. The dashed curve is the

same dependence but with a lower value of ¥, (0) (see Sec. 5.3).
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in the S electrodes (in the case when /> £ % ). The parameter
V. (seegraphsinRefs. 260and 261) decreases on increase in
the thickness of the N layer in accordance with a power law
[V. o«(A0)/e)(EX/LY] at temperatures T<T,
~T.(£%/L)? and exponentially {V, ~ (A/e) exp[ — (L /
EXY(T/T,)'?} at T>T,. In the vicinity of T, there is
change in the sign of the curvature of the dependence ¥V _( T)
from positive (T'> T,) to negative (T < T,).

In spite of the possibility of describing, on the basis of
this model, the experimentally observed suppression of the
characteristic voltage of a junction, the actual application of
the model gives rise to a number of discrepancies with the
experimental data for practically all the high-temperature
superconducting junctions.:

1) The values ¥_<1 mV observed for these junctions
can be explained if we assume that L>10£ §%. However, for
these values of L the characteristic temperature (7)) jheor
=0.01T, is considerably less than the temperature (7).,
~0.3T, at which there is an experimentally observed change
in the sign of the curvature of the dependence V. (7). An
allowance for a strong spatial inhomogeneity of the junction
over its area does not eliminate this contradiction.

2) A simple SNS model cannot account for the change
from an excess to a deficit of the current exhibited by the
current-voltage characteristics of junctions formed at mi-
crocracks in grains characterized by ¥, >10 mV.

3) This model also does not account for the high experi-
mental values of the normal resistance of the junctions
(Rn)exp = 1077-107% @-cm? In fact, if L=10£ &, then in
the case of structures formed from noble metals (py =~ 10~¢
0-cm?, £% =20 nm) the maximum theoretical values
(R N ) theor ~pn L donotexceed® 107 'Q-cm?. Since the ab-
solute values of the resistance of high-temperature supercon-
ducting films in the case of the normal and semiconducting
temperature dependences of R(7T) in the vicinity of T, differ
on the average by no more than one order of magnitude, it is
reasonable to estimate R for junctions at grain boundaries
by assuming that py ~ps ~107* Q-cm® and £ =¥ =1
nm, which again gives (R x ) peor =107 ° Q-cm?

Another possible reason for the suppression of V_ is the
mutual nature of the proximity effect in the vicinity of an SN
interface. If the metals forming an SNS junction satisfy the
“dirty”” limit conditions [if the mean free path of electrons
obeys I<EX = (D /27T, )""?)], then V, depends (for
L> %) on two suppression parameters” describing this ef-
fect:265—267
Psts _ Rp

y B = i
pNgr; PnEN

(5.2)

‘Y=

The parameters y and y have a simple physical mean-
ing. The former is in fact governed (in the case of the simple
gas model) by the ratio of the electron densities n,, in the
two metals in contact. If n, > n,, i.e., if ¥>1, then in the
vicinity of the interface there are many quasiparticles which
diffuse (if y5 = 0) into the superconductor and suppress the
order parameter at distances amounting to about £¥. In the
opposite case (y<1) the proximity to a normal metal has
little effect on the properties of a superconductor: its order
parameter is practically constant right up to the interface
and the Cooper pairs penetrate the normal metal to a depth

of £%.
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The second parameter (yy ) differs from zero if an insu-
lating barrier is present at the SN interface or if this interface
is abrupt on the atomic scale and separates metals with very
different transport properties.®’ A reduction in the interface
transparency (i.e., an increase in yy) limits the diffusion of
quasiparticles from the N metal to the superconductor, and
the value of A,, at the SN interface increases. However, since
this gives rise to a discontinuity of the anomalous Green
functions at the interface, the values of these functions for
the N metal are lower than in the case when ¥ = 0. There-
fore, an increase in either of the parameters y or y weakens
the superconducting properties of the N metal and sup-
presses V_.

In estimating the values of ¥ and yy for the interface
between a high-temperature superconductor and Ag or Au
we shall use parameters typical of metal oxide ceramics and
films of noble metals: £¥~0.5 nm, ps=2x10~° Q-cm?
(Refs. 1-3), £% =10% nm, py, =2X 107% Q-cm? (Refs. 62—
65 and 91), and the values R =~1078-10""° Q-cm? taken
from Table II. Substituting these parameters into Eq. (5.2),
we obtain

8 =~ 25— 2500, v>» 1. (5.3)

For this ratio of ¥ and yy the superconducting elec-
trodes should exhibit a practically homogeneous (in space)
superconducting state and the anomalous Green functions
®,, induced by the proximity effect in the case of the N metal
should be small compared with 77T. A calculation?®”*%® of
the parameters of SNS sandwiches with a spacer made of a
“dirty”” normal metal of thickness L, carried out for the case
of practical interest defined by

T 1/2 _
VB>(—7°"—> <<
N

§

leads to the following expressions:

Vo _ 2 (T \e Z A} : (,}1‘_)1/2 st _L_.( mh)llz ;
2"Tch ): 7‘<:h W>0 m’+Ah ® EN "Tc
(5.4)

(5.5)
here, S is the area of a transverse section through the junc-
tion and @ = 7#T(2n + 1) are the Matsubara frequencies.
The dependences V_ (L, T) calculated from Eq. (5.4) for dif-
ferent values of L and T are plotted in Fig. 6. They allow us to
estimate quite simply the values of ¥y using the experimen-
tal data.

For example, it is reported in Ref. 123 that in the case of
junctions of the SNS sandwich type characterized by T /T,
~0.05and L /£ ¥ =0.5 it is found that eV /27T, ~0.035.
Using Fig. 6 we find that these data are in agreement with
theoretical calculations if we assume a reasonable value yg
=~ 100. Unfortunately, much information needed in a further
comparison is not given in Ref. 123: we would like to know
the temperature dependences of I, I,,, and R\, as well as
the dependences of 7 on an external magnetic field H, which
could be used to estimate the effective contact area S. It
should be pointed out that in the case of YBaCuQ/Au/Nb
junctions in which the interface with gold has approximately
the same specific resistance,®?-*° the difference between the
total and effective [determined from the dependence I,

Ry = 2pnEnyeS™Y;
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FIG. 6. Temperature dependences of the characteristic voltage ¥V, ‘for
SNS sandwiches with low-transparency SN interfaces and different thick-
nesses of the N layer.

(H)] junction areas is two orders of magnitude, which may
be due to a strong inhomogeneity of the interface between a
high-temperature superconductor and Ag or Au (see Sec.
2). Substitution of 75 ~100 into Eq. (5.4) gives S=10~*
cm?, which is again much smaller than the total area of the
investigated contact.'?

Application of the same theory (characterized by ¥y
>7) to SNS junctions with a complex geometry, such as
variable-thickness bridges of the SN-N-NS type, gives rise
to large depths of penetration of the normal and supercon-
ducting currents into the N film of the composite SN elec-
trode.?*® For this reason, the resistance of the SN interface
makes a finite contribution to the total junction resistance in

the normal state:
ydy

Ry =opn (L + 2&nyHR) S ' dn < Envd, vem = Al
N

(5.6)

where S, is the area of the transverse section of the N film
and dy is its thickness. The temperature dependence of the
parameter V_ in the case defined by

-1/2 T 1/2 .
1 4 yam > max {vm(l—%—) , (—Tc—) }, Ly’

(5.7)

is given by the expression

V. = 2T Z AR ("‘Tch )s/z exp L/ o )1/’
c= - - — ')
€ o>0a® A} \OVem B\ T en

(5.8)

i.e., it falls on reduction in the transparency of the SN inter-
face faster than in the case of SNS sandwiches.

The relationship (5.8) makes it possible to estimate
Ysm Using the experimental data. For example, according to
Ref. 91, in the case of an SN-N-NS bridge at 7 /T, =0.047,
when L< 1 ymand py = (1-2) X 107% Q-cm, it is found that
eV, /27T, ~7.4-1073, Using the familiar data for gold V.

353 Sov. Phys. Usp. 33 (5), May 1990

~1.4X10° m/s and (p/) "' =8.4X 10" @~ '-cm~? (Refs.
272and 273), wefind that £ % ~20-30nm, i.c., L /& ¥ =30-
50> 1. For these values of the parameters only the first term
is important in the sum over w. Using this fact, we find that
the experimental data are in agreement with the theoretical
calculations if ygy =~ 1-10. This quantity is much less than
the estimate® obtained from the expression for Ry. It
should be pointed out that the substitution of the experimen-
tal values of the parameters L /& ¥ and T in the expressions
obtained using the simple SNS model gives a value of V,
much higher than the experimental one. Therefore, indeter-
minacy in the experimental values of L and £ % [because of
the exponential dependence V(L) when L>» &% ] and the
absence of the experimental dependences V. (T), R\ (T),
and I, (H) do not allow us to make a definite judgement on
whether the proposed model of a junction describes the ex-
perimental situation satisfactorily.

For example, the available experimental data on SNS
junctions are insufficient to decide reliably whether the BCS
theory can be applied to the properties of high-temperature
superconducting junctions with a deliberately introduced
spacer.

Application of the same model to the properties of junc-
tions at grain boundaries gives rise to a contradiction similar
to that discussed above in dealing with the simple SNS mod-
el: the experimental and low-temperature absolute values of
V. can be matched to those deduced from Eq. (5.4) if we
assume that 5 > 10; however, for these values of 7 a strong
fall of ¥, onincreasein T beginsat atemperature T=~T, 7 *
, L&, it occurs much earlier than in the experiments.

The model in question can be made to describe the ob-
served properties of junctions at microcracks in grains with
V., >mV (Refs. 243 and 244) if we assume that these junc-
tions have regions of the SNS type and of thickness L <£ %,
separated from the high-temperature superconducting ma-
trix by an atomically abrupt boundary with a resistance
which dominates R . It follows from calculations?>® that in
the case of these SN'S sandwiches with low-transparency SN
interfaces (¥ > 1) there may be a change from an excess toa
deficit of the current in the current-voltage characteristics
(Fig. 7) if ygpy = 5 (L /7§ %) > 1. The temperature depen-
dences of the parameter V_ are then described by

FIG. 7. Temperature dependences of the excess current exhibited by the
current-voltage characteristics of SNS sandwiches with Jow-transparency
SN interfaces and with the N-layer thickness obeying L € £ ¥, plotted for
different values of the parameter b, = ¥\ /¥*, where y* = 1.78 is the
Euler constant.**®
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eV,
2nT,

AbGg sin g
—max 3 2 , 7
Ten @ a>0 @fe* (14 0.5ypu0Gs/aT ) + Af cos® (9/2)]

(5.9)

where G5 = w(w? + A% )'/?, and they are close to the experi-
mental values (see Figs. 5 and 8). However, this model can-
not explain the experimental temperature dependences
Ry (T) of these junctions and even the hypothesis of the
presence of an N layer with sharp boundaries is in conflict
with the proposed structure of the junction where the space
between the boundaries of a crack is in all probability filled
with randomly distributed impurity atoms.

The third possible reason for the almost homogeneous
(on the temperature scale) suppression of ¥ in the case of
grain-boundary junctions is the existence of some tempera-
ture-independent mechanism resulting in an additional de-
struction of the superconducting properties. This may be,
for example, the scattering of electrons by localized uncom-
pensated spin magnetic moments of copper Cu® * present in
oxygen-depleted regions in high-temperature superconduct-
ing materials. Similar effects may be produced by strong
electron-phonon?’* and electron—electron®’ interactions.

The interaction of the Cooper pairs with local magnetic
moments (both ordered and distributed at random) can be
described by introducing, in semiclassical equations of su-
perconductivity, a term proportional to the characteristic
time 7 for electron scattering accompanied by spin reversal.
The solution of these equations for an N material of a weak
link with “stringent” boundary conditions at the interfaces
with superconducting electrodes yields the following expres-
sion for V_:

otg | T o (0 Ap

The dependences V, (T) calculated from Eq. (5.10) for
various values of L /£ ¥ and 75 = 1/27T,, are plotted in
Fig. 9. We can see that they are in satisfactory qualitative
agreement with the experimental curves (Fig. 5) obtained
for junctions at grain boundaries. However, a quantitative
agreement with the experimental values of the specific resis-
tance Ry =~ 10™% (-cm? of such junctions can be obtained
only if we assume that the spacer material is characterized by
an exceptionally high resistivity. In fact, if L =~ £ % =5 nm, it
is found that the resistivity of the N layer is pyy =2X 1072
Q) -cm, which is of the order of the hopping conductivity and
not the metallic one. Information on the nature of the con-
duction process in a weak-link material can be obtained from
the experimental dependences Ry (7). However, measure-
ments of this kind (with the exception of those reported in
Refs. 243 and 244) have not yet, unfortunately, been pub-
lished.

5.3. More complex models of tunnel junctions

A complication of the tunnel model of a Josephson
junction is possible if we allow for additional processes
which occur in a superconducting electrode or in a weak-link
material.

In the former case the suppression of V. is possible be-
cause of partial suppression of the superconductivity of the
electrodes near the junction, associated with the formation
of normal-conduction layers. In this case the value of V_
depends on the thickness of these layers and on the param-
eters ¥ and 5 (Refs. 258 and 259). It follows from numeri-
cal calculations that the use of one of these parameters or any

V 2 exp [— (L/Exn) (0p/nT )2 . . .
, Te 30T dexpl— (L/ew) § p{/ o) | combination of them fails to account simultaneously for two
2 . .
2T e Tc“/‘-‘>° [t+ A +¢pp experimental observations: low absolute values of ¥, and a
1/8 . . o e . .
+( Tp smooth reduction in the characteristic voltage on increase in
L>&(=") . (5.10) . g
ATen T in the range 7<0.37,.
where In the second case the most probable reason for the sup-
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FIG. 9. Temperature dependences of the characteristic voltage ¥, of SNS
sandwiches with transparent interfaces (y<€1, ¥ €1), plotted for differ-
ent thicknesses of the N layer on the assumption that (77T, 7s) = 0.5.

pression of ¥, is the presence, in a dielectric spacer, of im-
purities with localized electron states. If the spacer thickness
obeys L > aln(a/A), where @ = [2m(U — E)]"?, is the
radius of a localized state ( Uis the potential at the bottom of
the conduction band and E,. is the Fermi energy) and 4 is
the de Broglie wavelength, then in addition to the usual tun-
neling we can expect also two other charge transport chan-
nels: hopping conduction and resonance tunneling via local-
ized states. The first of these channels cannot ensure the
transport of a supercurrent, because each electron jump
from one state to another is accompanied by a change in its
energy and, consequently, by dephasing of its wave function.
However, the values of Ry can be explained by just this
mechanism. If

L

o U (21 [ PSE o2y \H8D _
T>To~ L) (AEFgaL) exp( 4¢)’ (5.11)

this mechanism leads to a temperature-dependent compo-
nent of the conductivity o, of a junction:*’®

v
oy = 2 On, OpOC Tr-fE/n] exp [__. ___21‘_.__]

5.12
n n+1a (5.12)

where o, is the conductivity of a chain of n impurity atoms; §
is the velocity of sound; g is the density of the spacer materi-
al; A is the deformation potential; g is the density of the
localized states. On increase in temperature the process of
charge transport extends to chains with an increasing num-
ber of impurities and at temperatures

T> T, = (gl%) exp ( — gi—)

the conductivity o, is governed primarily by chains charac-
terized by n> 1 and amounts to>’>"’
Ohoc exp {—2 [2 % In (gT L) ]"”}, T <T<T".
(5.13)
Finally, if T>T* = (ga®) ~'(a/L) *'? the discrete nature
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of the energy levels of the localized states becomes unimpor-
tant and the conductivity of a junction obeys the Mott law
o, <exp{ — (T,/T)'/4}.

The second channel for the passage of electrons across
an insulating spacer is resonance tunneling along the Lif-
shitz percolation paths (see Refs. 278-281) passing through
n centers separated by a distance 2y from one another and
characterized by a localized electron state energy E,. This
gives rise to resonant energy bands of width

(5.14)

that increases on increase in the concentration ¢ of the local-
ized centers (on reduction in y). The multiplicity of such
paths shunts the insulating barrier, so that its properties be-
come close to those of SNS junctions, but with an N-type
layer strongly inhomogeneous in respect of its properties.
The conductivity of such a resonant junction is governed by
the motion of electrons along all the resonant paths and is
given by”*!

-
G X exp {— 2 {flln (cLa®)™ }1/2] , L=a to? min {Dy, Do} “ll:({lizs)b"}

In® min {D,, Dy}
1n (1/c?)

(5.15)

L In[1/caL] }
Ty T A (2 A
&

o exp {_ tn (1/min {Dy, D))

here, D, is the transparency of the SI interfaces. The criti-
cal current of the junction depends on the relationship
between L and the electron coherence length £ % described
by

L LIPS Y Er ) L 5.16
N - ~2yln( = )In ot (5.16)

which differs from one channel to another. If L > (& %) ux s
the value of I_ is governed by the critical channel character-
ized by the highest value of £ % (Ref. 279). In this case the
change in the sign of the curvature of the dependence V_(T)
occurs in the vicinity of a temperature T,
~(U—Eg)(ca®)", where n is the number of centers on a
path.

The nature of the current-voltage characteristics of
such junctions®®' depend strongly on the ratio of the order
parameter A to the band width B. If B> A, i.e, in the case
when

Py A 1
L<aln [————U_EF ]111 'C—

o3 '

A
Dx.z>7;—'EF—, (5.17)

the junctions in question do not differ qualitatively in their
properties from SNS structures. Their current-voltage char-
acteristic exhibits an excess current associated with the exis-
tence of a channel representing the Andreev reflection of
electrons which on reaching the SN interface may be reflect-
ed in the form of a hole forming a Cooper pair in the super-
conductor.”® A reduction in B suppresses this effect. If
B <A, the Andreev reflection is unimportant and the cur-
rent-voltage characteristics of the junctions exhibit not an
excess but a deficit of the current. This is due to the fact that,
because of the smallness of B, not all the quasiparticles can
participate in the charge transport process. It is important to
point out that if B~ A, then cooling should result in a change
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from an excess current [T~ 7., B> A(T=T,.)] to a deficit
[T«T,, B<A(D)] and this should be manifested by the cur-
rent-voltage characteristics. If we substitute in Eq. (5.13)
the values U — Er=~1 eV and B=~A(0)~1072% eV, we
find'” that this effect should occur when a’c=0.1.

This model describes qualitatively the main properties
of high-temperature superconducting junctions at grain
boundaries and microcracks in grains and of point contacts.
For example, if at high voltages the current-voltage charac-
teristics become ohmic, it is natural to assume that the flow
of a supercurrent through a junction is accompanied by the
usual tunneling. The dependence I (T') should then be close
to that predicted by the AB theory. However, the main con-
tribution to R may be related not to the usual tunneling but
to hopping conduction. This automatically results in sup-
pression of the parameter ¥, and in a modification of its
temperature dependence particularly at high temperatures.
If the current-voltage characteristics for the junctions exhib-
it an excess current throughout the investigated temperature
range or a change from an excess to a deficit of the current as
a result of cooling, it is natural to identify the transport of the
supercurrent with resonance tunneling of electrons. The de-
pendence /. (T') should then be close to that deduced from
the simple SNS model. Suppression of ¥, may also be related
to a reduction in Ry caused by hopping conduction.

The existence of the hopping conduction mechanism is
supported by the semiconducting temperature dependence
Ry (T) of the investigated junctions [see Egs. (5.12) and
(5.13)]. However, the suppression of ¥, is possible also
even if Ry is practically independent of temperature and the
main mechanism of the flow of the normal current is inelas-
tic tunneling through one center.

Finally, a reduction in V_ of the tunnel junctions can
also in principle be due to the processes of tunneling accom-
panied by spin reversal, which is possible if magnetic impuri-
ties are present in the insulating spacer. Calculations carried
out for this case***?* lead to a dependence V_ (T) similar to
that deduced from the AB theory, but with a smaller value of
V. (0):

Ve RSS2 by thfﬁ
9nTy, £+ S(S+1)24T, 2T

’

(5.18)
R = 4n2eN (0) [#2 4 S(S + 1) v?),

where N(0) is the density of the electron states on the Fermi
surface, and ¢ and v are the average values of the matrix
elements of the tunneling via nonmagnetic and magnetic lo-
calized states, respectively, and S is the total magnetic mo-
ment in this state. It is shown in Ref. 285 that the suppres-
sion of I, associated with the Coulomb repulsion of electrons
atimpurities in a barrier at energies K7, exceeding the width
of an impurity level also give rise to a temperature depen-
dence of the critical current of the type described by Eq.
(5.10).

This model makes it possible to describe satisfactorily
only those junctions which have current-voltage character-
istics without an excess current at high voltages, i.e., it ap-
plies to junctions at grain boundaries characterized by R
<1077 Q-cm”. The experimentally observed absence of an
excess current in the current-voltage characteristics was re-
ported only for a junction at a grain boundary in yttrium
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ceramic by the authors of Ref. 225. The temperature depen-
dence V, (T') reported there (curve 5 in Fig. 5) was qualita-
tively similar to that predicted by the AB theory, with the
exception of a somewhat less steep fall of ¥, on increasein T
intherange 7>0.5T,. A better agreement could be obtained
by comparing the results of Ref. 225 with calculations based
on the SNINS model of a junction with magnetic impurities
in the N region. The question where the magnetic moments
arelocalized (in the insulator or in a medium with the metal-
lic conduction near the grain boundary) requires further ex-
perimental studies.

5.4.Brief summary

We shall now summarize our discussion of the Joseph-
son junctions of various types.

1. Among all the experimentally realized Josephson
junctions made of high-temperature superconductors, very
distinct properties are exhibited by the junctions at micro-
cracks in crystals 2***** with dependences V.(T) close to
that following from the AB and KO models. These and other
properties of these junctions | semiconducting nature of the
dependence Ry (T) and the change from a deficit to an ex-
cess of the current in the current-voltage characteristic] are
best described by a model of junctions with resonance perco-
lation tunneling of electrons between energy bands of width
B<A(T). However, the irreproducibility of the experimen-
tal results on the one hand and the absence of a theory of
such structures for the range L<& %§—which includes the
resonance and elastic tunneling—on the other, means that a
qualitative comparison cannot be made and no rigorous con-
clusions can be drawn.

2. Point junctions between high- and low-temperature
superconductors'*? and point contacts between two high-
temperature superconductors, and similar (in respect of
their properties) grain-boundary junctions are irregular and
irreproducible structures. Those among them which have a
clearly demonstrated excess current can be described ap-
proximately within the framework of either the SNS model
with localized magnetic centers in the N layer or a tunnel
resonance percolation model with such a relationship
between the parameters described by Eq. (5.17) which en-
sures in practice a matching of these models. In the opposite
case (in the absence of an excess current) the grain-bound-
ary junctions are clearly structures either with resonance
tunneling of electrons or with ordinary tunneling, but they
are characterized by the presence of localized magnetic mo-
ments in an insulating spacer or in the adjoining normal re-
gion (SNS junctions). The irreproducibility of the experi-
mental results and the absence of a theory allowing for the
simultaneous processes of resonance and inelastic scatter-
ing, also prevent drawing of any definite conclusions at this
stage.

3. Planar SN structures with a deliberately introduced
spacer and also variable-thickness bridges of the SN-N-N§S
type can probably be described by the SNS model with low-
transparency SN interfaces (yg > 1). However, such an ap-
proach leads to underestimates of the effective junction area

(compared with its total area). The absence of experimental
dependences I, (H) and ¥V, (T) prevents us from answering
the question whether this model provides a satisfactory de-
scription of real junctions. Nevertheless, the properties of
such junctions can be, in contrast to grain-boundary junc-
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tions, fully reproducible and a future detailed comparison of
their properties with the theory of these junctions >*>2¢7-26%-27)
may allow us to answer the question whether the BCS theory
applies to the processes occurring in high-temperature su-
perconducting junctions.

6. CONCLUSIONS. POSSIBLE TRENDS IN FURTHER
RESEARCH ON THE JOSEPHSON EFFECT IN HIGH-
TEMPERATURE SUPERCONDUCTOR JUNCTIONS

As pointed out in Sec. 5, the irreproducibility of the
existing Josephson high-temperature superconductor junc-
tions and the absence of reliable experimental data on their
properties makes it impossible not only to answer at present
the question whether the BCS theory is applicable to high-
temperature superconductors, but even to provide reliable
qualitative identification of the physical structure of the
junctions. In our opinion, the only way forward is the con-
struction of regular high-quality structures with direct and
tunnel conduction mechanisms.

6.1. Structures with direct conduction

The first step in the development of reproducible high-
temperature superconductor junctions with direct conduc-
tion would be the fabrication in situ and a detailed study of
interfaces between high-temperature superconductors and
noble metals (Ag, Au) or other materials exhibiting metallic
conduction and not interacting chemically with high-tem-
perature superconductors. The only interfaces of practical
interest are those with a specific resistance in the range
R ;<107 Q-cm? formed by single-crystal high-tempera-
ture superconducting films (with the ¢ axis perpendicular to
the substrate) and characterized by a surface smooth on the
atomic scale, because this should minimize possible errors in
the determination of the junction area (see Sec. 1) associat-
ed with the diffusion of the normal metal along grain boun-
daries.

Investigations of such interfaces, together with the
monitoring of the elemental composition and structure of
the interface should include determination of the resistivities
ps and py of the materials forming the interface, an estimate
of the mean free path of electrons in the N layer, and deter-
mination of the temperature dependence of the resistance
Ry of an interface. In the course of these measurements it is
necessary to overcome the difficulties associated with sepa-
ration of the interface resistance R ; from the total measured
value Ry, which includes not only R ; but also the resistance
of the N film R, and the resistance R, due to the nonequilib-
rium nature of the electron distribution function near the
interface (the value of R, depends on the mutual nature of
the effect of the proximity of the N and S materials, and it
depends also on the parameters 3 and yy ). The value of R,
can be estimated by recording, for example, the dependence
of Rs on the N-layer thickness, but a correct estimate of R
requires additional theoretical calculations. The measure-
ments should then be used to estimate the values of the pa-
rameters ¥y (Or ¥gy ) and £ %.

The next stage should be a study of tunnel junctions of
the SNIN type made from SN sandwiches investigated in the
first stage and characterized by a tunnel layer resistance
much higher than both R; and R,,. A study of the current-
voltage characteristics of such junctions (or, more exactly,
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of the dependence of the differential conductance dV /dI on
V) should give, at temperatures T« T, , information on the
density of states N (&) on the outer surface of a normal spac-
er. In the most interesting (from the practical point of view)
case of a “dirty”’ N metal of small thickness L < £ ¥ a calcu-
lation reported in Ref. 259 shows that if y5y, > max [,y |
the density of states N(e) should exhibit two singularities
(Fig. 10) at ¢ = A,, and € = z,4,,. The position of the first
singularity on the energy axis is independent of y,,, where-
as the second one shifts on increase in yy,, toward lower
energies so that z,— 7T, /¥gm An When ygy > 1. If we allow
for nonzero values of y,, we find that this singularity at
€ = 2,4, is smoothed out and the peak at £ = A, is practi-
cally suppressed, but a singularity ef the derivative dN(¢)/
de at ¢ = Ay, is retained. These measurements have made it
possible to estimate the values of the parameter ygy in a
situation which practically excludes nonequilibrium effects
at the SN interface and can possibly be used (in a simulta-
neous analysis with the data obtained in the first stage) to
obtain more definite information on the contribution of
these effects to the resistance of the interface.

The third possible stage is the fabrication and investiga-
tion of small (with planar dimensions smaller than the Jo-
sephson penetration depth A;) Josephson tunnel junctions
of the SNIS’ type, where S’ is a low-temperature supercon-
ductor. At this stage it is necessary to record and analyze the
experimental dependences of the parameter ¥, on the exter-
nal magnetic field H, on the thickness L of the N layer, and
on the ambient temperature T. The first of these depen-
dences can be used, on the basis of the oscillation period AH,
to monitor the correspondence between the effective
(S~®y/AH) and total areas of the junction. The depen-
dence V_ (L) allows us to determine the value of £ % for the
normal metal [V, cexp( — L /&%) iIfL>£%]. A compari-
son of this quantity with an estimate obtained in the first
stage can be used to check once again that the predictions of
the theories based on the singlet mechanism of electron pair-
ing apply to an N metal or it may be found that these predic-
tions are invalid. Finally, the dependence V', (T) can give
information on the parameters yg and yg,, . The calculations
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FIG. 10. Density of states N(¢) at an SN interface in a sandwich obtained
for low thicknesses of the N layer in the range L € £ % in the case when y,,
<1 and the parameter ¥y, has different values.?*
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reported in Ref. 259 indicate that if the conditions for the
“dirty” limit (L <§% and ygy > ¥ ) are satisfied by an N

2aT AAy
Vc-'——- -_— 2

metal, the dependence V. (T, yg) for an SNIS’ junction is
given by the expression

(6.1)

e a3o (@448 (@+AD [1 + Yy (@/aTy)* + (2 0¥y Gs/aT )}

where A, is the modulus of the order parameter of the S'
electrode. In the case of practical importance when A, > A,
and ypm » T, /T,,, we find that Eq. (6.1) simplifies and
reduces to the familiar expression for asymmetric tunnel
junctions:
2aT (7T )/ vam) &
V°= - 9 2 o 27111/¢ *
€ oo ({0? -+ AP [0® + (AT o/ Ypm) 1}

(6.2)

It is clear from Eq. (6.2) that the role of the order pa-
rameter of a composite SN electrode is played by a quantity
7T, /Yem Which in the range ygy>¥v =10 and for
T, =~ 100 K does not exceed the order parameter of ordinary
(low-temperature) superconductors, such as niobium.

The conclusions reached at this stage of the proposed
research program may be confirmed (or rejected) by a study
of the properties of Josephson junctions of the SNS’ sand-
wich type. The necessary condition is then an additional
monitoring of the processes at the NS’ interface associated
with the mutual diffusion of the materials, as well as an inde-
pendent determination of the characteristic suppression pa-
rameter ¥, = (ps; §s1 /pn§n ) (Which can be obtained, for
example, by a comparison of the properties of 8’ NS’ sand-
wiches with the theory). If the *“dirty” limit condition is
satisfied by the N and S materials and if

(=) () e

a1 N 2nT
. T, \2 T - L (6.3)
VB>( L ) max{l, (1‘ Tﬁ) shot §N}'
DN 1/2
§N = (3;17) ’

then the parameters of such an SNS junction are given by the
expressions®”'

B L (Ta)" A 3y gk (2)"],
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Ry = ontiepamS™, B(T) = —2a (1) = (65)
N = PNSNYBMO Tz @ T, ’ .

where ps, and £, represent the electrical resistivity and the
coherence length of the S’ electrode, whereas £(3) is the
Riemann zeta function. It follows from Eq. (6.4) that the
parameter ¥ does not occur directly in the expression for
V.. Nevertheless, a comparison of the experimental values of
V., Ry, and I, with Eqgs. (6.4) and (6.5) allows us to esti-
mate [on the basis of ¥, (7)] the supression parameter ¥,
and then to determine the value of ¥} if we know the effective
{deduced from the dependence I, (H)] junction area.

The next stage of this program should finally confirm
(or reject) the possibility of existence of not only the usual
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singlet pairing, but also of other superconductivity mecha-
nisms in high-temperature superconductors. This can be
done by investigating the properties of high-temperature su-
perconductor junctions of the SNS type.

The first (nonintegrated) method for fabrication of
these structures may consist, for example, of mechanical
pressing of two SN sandwiches [high-temperature super-
conductor/Ag(Au)] together'* to form a single SNS junc-
tion of the sandwich type. Unfortunately, it is not yet clear
how to fabricate similar structures by modern integrated
technology methods.

The second method relies on the use of the progress
made in modern photolithography and electron lithography
in the fabrication of SN-N-NS junctions representing a
variable-thickness bridge. The following technological var-
iants of tackling this problem can be envisaged.

The first variant described in Ref. 91 involves evapora-
tion of a resist on the original SN sandwich and then an
electron beam is used to forma strip of width 1 um. Then, the
exposed part of the metals under it are removed forming a
gap of size of the order of 0.1 um in the original SN sand-
wich. After removal of the resist the electrodes formed in
this way are connected by a normal metal strip about 1 um
wide.

In the second variant a sandwich is coated by a thick
film of a normal metal in which a gap of size of the order of
0.1 um is formed exactly as described above. The structure is
then exposed to an ion beam which destroys the supercon-
ductivity in the part of the sandwich which can be reached by
ions. If necessary, after removal of the metal mask, the resul-
tant electrodes can be joined by an additional strip made of a
noble metal.

In the third variant the gap in the original sandwich is
formed exactly as in variant 1, but not over the whole width
of the film, but so as to retain a variable-thickness bridge. A
highly directional ion beam is then used to destroy the super-
conductivity in that part of the high-temperature supercon-
ducting film which is located under the normal film of the
bridge.

In the fourth variant a vertical step is formed on the
substrate and then a high-temperature superconducting film
as well as a film of a noble metal are deposited in situ. This
produces two SN sandwiches shifted relative to one another
and in the final stage these sandwiches are connected by a
strip of normal metal formed by oblique evaporation.

In the fifth and final variant, described in Ref. 187, a
substrate is first coated by a film of triangular cross section
made of a chemically active insulator (for example, Si) and
this is followed by the formation of an SN sandwich in
which—exactly as in variant 2—a cut centered on the Si film
is made. The superconductivity under the normal bridge
film is destroyed not by ions (as in variant 3), but by a chem-
ical reaction with silicon.

In addition to the dependences I_(H) and V_(T) for
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FIG. 11. Temperature dependences of the characteristic voltage V. of
Josephson junctions of the SN-N~NS variable-thickness bridge type with
low-transparency SN interfaces, plotted for different distances L between
the S electrodes.

the SNS sandwiches and SN-N-NS variable-thickness
bridges with high-temperature superconducting electrodes,
it is important to analyze the nature of the temperature de-
pendences of the excess current I, in the current-voltage
characteristic. If there is only singlet pairing of electrons in
high-temperature superconducting electrodes, character-
ized by just one order parameter, the dependences of the
characteristic parameters Ry, V., and 7,, on the ambient
temperature, thickness of the N layer, and suppression pa-
rameters are given by Egs. (5.4)-(5.9) and are illustrated in
Figs. 5-7 and 11. In the case of SNS sandwiches these theo-
retical results provide a unique opportunity for independent
determination of yg,, from the steady-state and transient
characteristics of the junctions.

If T=0.5T,, and L<E ¥ =20 nm, it follows from Eqgs.
(5.4) and (5.8) that ¥V, for sandwich (“sand”) and bridge
{(““brid”") junctions can be described by the following simple
expressions

(Ve)sana =~ 80 il mV, Vooria = 60yaM’ mV, (6.6)

Lyg

which demonstrate that in the case of the Josephson junc-
tions investigated at liquid nitrogen temperatures the values
of ¥, can be in the range 0.1<V_ <1 mV when y5 =20. It is
thus clear that the last stage of the proposed research pro-
gram is also of considerable practical importance, because in
most of the applications of the Josephson effect at liquid
nitrogen temperatures it is necessary to use junctions with
absolute values of the characteristic voltage ¥, not exceed-
ing 1 mV (Ref. 286).

Naturally, at each stage of the proposed program of an
investigation of direct-conduction junctions it is of funda-
mental importance to carry out a detailed comparison of the
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results obtained, particularly of the parameters ¢y and %,
representing the properties of SN junctions.

6.2, Structures with tunnel conduction

The advantage of junctions with tunnel conduction
from the point of view of fundamental research on the Jo-
sephson effect in high-temperature superconductors is that
in the case of these structures it should be possible to elimi-
nate the influence of the properties of a spacer from the re-
corded characteristics of the junctions.

The first stage in the development of such tunnel con-
duction junctions would be the formation in situ of a single-
crystal high-temperature superconducting film with an
atomically smooth surface, a phase composition homoge-
neous across the thickness, and homogeneous superconduct-
ing properties, which should be passivated by an insulating
layer. The main difficulties are prevention of chemical reac-
tions at the interface between the superconducting film and
the insulating coating (see Sec. 2.4). Some ways of tackling
this problem have already been pointed out. For example,
the photoemission data indicate that the superconductivity
of a surface layer is not destroyed by thermal evaporation of
CaF,, which is an insulator with a strong ionic chemical
binding and which can be sputtered and deposited in the
form of a molecular beam on a cold high-temperature super-
conducting substrate.®** Superconducting properties of the
surface are also relatively little affected by the deposition of
Bi, Al, and Si films in an atmosphere of ionized oxygen.®:
The sputtered materials are deposited onto the surface in the
form of oxides supersaturating the interface with oxygen and
thus preventing its diffusion out of a high-temperature su-
perconductor.

The next stage is an investigation of small-area Joseph-
son junctions of the SIS’ type formed from structures con-
sisting of a high-temperature superconductor and an insula-
tor, including an analysis of the dependences I_(H) and
V_(T) and of the current-voltage characteristics of the junc-
tions (excess current, dV /dI), followed by a comparison
with the theoretical results deduced from the familiar mod-
els of asymmetric tunnel junctions.*®’

Unfortunately, at the present stage of the development
of the technology of high-temperature superconductors it is
not yet possible to realize the last stage, which is the fabrica-
tion of high-temperature superconducting tunnel junctions
by deposition of an upper high-temperature superconductor
electrode on an insulator. This problem may be solved by
molecular epitaxy methods, for example, by replacement
(during some stage of growth of a high-temperature super-
conducting film) of one of the elements forming this film
with another which would modify considerably the trans-
port properties of the original matrix but would not alter the
period of the atomic lattice (in the case of yttrium ceramics
one of the candidates for such an element can be, for exam-
ple, praseodymium?®®®). A comparison of the properties of
such junctions with the results of the available theoretical
models could make a major contribution to the understand-
ing of the high-temperature superconductivity mechanism.
In fact, the properties of such “ideal” tunnel junctions are
practically independent (with the exception of the value of
R,,) of the spacer material, so that their quasiparticle char-
acteristics and the Josephson properties may be affected ex-
plicitly by deviations of the properties of high-temperature
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superconductors from those predicted by the BCS theory.

Direct practical applications of tunnel Josephson struc-
tures with high values of the characteristic voltage V_ are
very limited, since the frequency of plasma oscillations gov-
erning the hf properties of such junctions is estimated to be
low (of the order of several hundreds of megahertz). How-
ever, an investigation of these junctions may open up ways
for a decisive improvement in the transport properties of
grain boundaries in high-temperature superconducting ce-
ramics and thus make possible applications of high-current
superconductivity.

It should be stressed that (at least in the case of the topic
under discussion) the way to good physics lies only through
the most modern technology.
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