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Abstract Coherent passage of Cooper pairs in a Josephson
junction (JJ) above the liquid nitrogen temperature has been
the first impressive revolutionary effect induced by high crit-
ical temperature superconductors (HTS) in the domain of
the study of Josephson effect (JE). But this has been only
the start. A d-wave order parameter has lead to significant
novel insights in the physics of the JE turning into a device
the notion of a w-junction. Spontaneous currents in a frus-
trated geometry, Andreev bound states, long-range proxim-
ity effect have rapidly become standard terms in the study
of the JE, standing as a reference bench for conventional
systems based on low critical temperature superconductors
(LTS) and inspiring analogies for junctions based on novel
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superconductors discovered in the meantime. The extreme
richness of the physics of HTS JJs has not been adequately
supported by the expected impact in the applications, the
main reason lying in the complexity of these materials and
in the consequent unsatisfactory yield and reproducibility of
the performances of the JJs within the required limits. The
continuous progress in material science, and specifically in
the realization of oxide multi-layers, and in nanotechnolo-
gies applied to superconductors, accompanied by the ad-
vances in a better understanding of the properties of HTS
and of HTS devices, has as a matter of fact opened possi-
ble novel scenarios and interest in the field. We intend to
give a brief overview on interesting new problems concern-
ing HTS 1Js of inspiration also for other systems. We also
review some ideas and experimental techniques on macro-
scopic quantum decay phenomena occurring in Josephson
structures. The attention is mainly addressed to intermediate
levels of dissipation, which characterize a large majority of
low critical current Josephson devices and are therefore an
unavoidable consequence of nanotechnology applied more
and more to Josephson devices.

Keywords Josephson effect - High 7 superconductors -
Macroscopic quantum phenomena - Nanostructures

1 Introduction

An overview on manuscripts focused on superconductivity
reveals a large variety of themes and an amazing amount
of different superconducting materials. Probably, supercon-
ductivity has never been so rich with materials and prob-
lems! On conventional low critical temperature supercon-
ductors (LTS) there is a continuous work of optimizing the
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quality of samples and of junctions, of interfaces and nano-
structures, while ‘exotic’ superconductivity counts not only
high critical temperature superconductors (HTS) [1]. Heavy
fermions, organic superconductors, fulleride superconduc-
tors, rutheno-cuprates, magnesium diborides, iron-based su-
perconductors are examples of classes of materials with ‘un-
conventional’ superconductivity. We will not enter into the
details of their phenomenology and of their physics, for
which excellent work and reviews are obviously available in
literature. We simply intend to review some recent advances
in the realization and the study of Josephson junctions (JJs)
and nano weak links based on HTS, aware that the know-
how acquired on HTS may be inspiring to produce Joseph-
son devices for any of these materials.

If we go back in time and imagine to be a few months
before the discovery of HTS, who would have imagined
that in a few weeks a supercurrent would have flown up to
about 100 K? And who would have imagined in a Josephson
junction a supercurrent between two phase coherent elec-
trodes up to about 100 K? How do fluctuations work at these
high temperatures? How conceivable is to accept coherence
lengths not larger than a couple of nanometers? These con-
siderations lead to the first obvious feature on HTS, which is
independent of their still debated origin of superconductivity
and of their very complicate structure: HTS oxides enlarge
the occurrence of superconductivity to unexpected energy
and length scales. This is obviously true also for the Joseph-
son effect. Dimensionality, strong correlations, d-wave or-
der parameter (OP) symmetry will represent the other in-
gredients which contribute to define the properties of HTS.
HTS have really opened the new horizons of unconventional
superconductivity, where probably all bundles will converge
for a more complete understanding of its nature.

The Josephson effect (JE) [2—6] has been in the last 50
years a continuous source of inspiration and progress in
physics. We have been learning through the JE how macro-
scopic coherence propagates in hetero-structures [3-9], how
macroscopic and microscopic phases coherently combine
at superconductor/normal metal (S/N) interfaces [10—14] of
a S/N/S JJ, how a Josephson coupling can unambiguously
identify unconventional symmetry of the order parameter,
as occurring in HTS [15, 16]. The intrinsic and robust quan-
tum nature of the JJs is also the basis of well-established
applications such as the superconducting quantum interfer-
ence devices (SQUIDs) [4, 17] and of a prospective hybrid
architecture for quantum information [18]. These are just a
few examples chosen from a multitude of possibilities.

We will consider aspects on the physics of the JE in
HTS focussing on more recent developments, ranging from
escape dynamics and macroscopic quantum tunneling to
mesoscopic effects, as well as the realization and the physics
of nano-structures and hybrid devices, the new frontiers
opened by nanotechnology. We look at escape dynamics
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aware that material science is not only offering a variety
of novel interfaces and junctions, but also radically new
solutions of synthesizing hybrid Josephson devices, taking
advantage at the same time of the progress registered in
using nanotechnologies in superconducting electronics. Es-
cape dynamics at intermediate levels of dissipation (mod-
erately damped regime) is going to permeate more and
more the nature of futuristic superconducting hybrid nano-
structures. The first part of this contribution will be devoted
to revisit some of the concepts that have appeared as unique
signatures of unconventional superconductivity and in our
opinion of inspiration for the physics of devices based on
novel classes of exotic superconductors. Terms as for in-
stance m-phase shift junction, Josephson coupling across
grain boundaries (GBs), Andreev bound states, fractional
vortices, time-reversal symmetry breaking in the JE have be-
come more popular terms since the advent of HTS JJs. Sev-
eral excellent reviews of various aspects of weak links have
appeared previously. This contribution is more our point of
view rather than an exhaustive review. We hope to build
upon previous work and apologize in advance for work that
we neglect.

2 Different Types of HTS Josephson Junction

Because of the difficulties in producing a traditional tri-
layer structure (superconductor—insulator (normal metal)—
superconductor, S—I (N)-S) composed by HTS electrodes
[19, 20], in analogy to LTS Js alternative types of junction
have been developed. The HTS junctions are described in
extensive reviews [19-21] with all proper references. Here
we briefly outline the main concepts of those junctions em-
ployed in the experiments described in the following.

2.1 Grain Boundary Junctions

Grain boundary (GB) junctions have been largely used in
HTS compounds. They take advantage of a significant re-
duction of the critical current between two grains with
different orientations which generates weak coupling and
Josephson-like behavior between the two electrodes. The
bicrystal technique, based on the union of two substrates
with different crystal orientations, is the most direct way
to create a GB [22-24]. The HTS films, if they grow epi-
taxially, will reproduce the relative orientations of each
of the two substrates. Originally applied to YBa;Cu3O7_,
(YBCO) GB technique has been extended to a large number
of HTS materials and has been the first approach to junctions
of other materials, as for instance iron pnictides [25-27], or
reference for systems [28] where it is much easier to grow a
barrier as in magnesium diboride [29-33].

Bicrystal imposes junctions on specific locations deter-
mined by how the substrates are glued. Methods to locate
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GB junctions everywhere on a chip were offered for HTS
by the step, step-edge and biepitaxial techniques, all em-
ploying photolithographic means to define the GB interfaces
(plenty of references can be found in review papers [19,
20]). The biepitaxial technique for instance uses changes of
the orientation of HTS films induced by epitaxial growth on
structured template layers. In the original technique [34],
a MgO template layer on a r-plane sapphire produces an
in-plane rotation by 45° of a SrTiO3/YBCO bilayer com-
pared to an identical bilayer grown directly on the sapphire,
producing a GB with a 45° tilt around the [001] direction.
The biepitaxial technique has been extended to novel con-
figurations, in which one of the electrodes does not grow
along the c-axis orientation [35-39]. A (110)-oriented MgO
or CeO; buffer layer is deposited on (110) SrTiO3 [35-
39] or (Lag 3Srg.7)(Alg.65Tap.35)03 (LSAT) substrates [40].
YBCO grows along the [001] direction on the MgO and on
the CeO, seed layers, while it grows along the [103]/[013]
direction on SrTiO3z or LSAT substrates. The presence of
the CeO; produces an additional 45° in-plane rotation of
the YBCO axes with respect to the in-plane directions of
the substrate. As a consequence, the GBs are the product
of two 45° rotations, a first one around the c-axis, and a sec-
ond one around the b-axis. Atomically flat interfaces can
be achieved in appropriate conditions [35-37], as a result
of an opportune “self-assembling” growth mode. The tilt of
one of the electrodes and the in-plane 45° rotation on the
CeO; both contribute to decrease the barrier transmission,
while the in-plane rotation enhances on demand the desired
d-wave features (see next section). These types of junction
have been used for the macroscopic quantum tunneling ex-
periments [41-43] discussed below.

Recent improvements in the quality of step-edge junc-
tions, also through a systematic study of morphological
properties, provide I¢c Ry values comparable to the best re-
sults reported for [100]-tilt HTS [44, 45]. The fact that Ic Ry
quality factors remain definitely lower than the expected gap
of HTS compounds has been one of the major problems
since the beginning (see references in [19, 20]). There are
no radically new results in the last few years on how to im-
prove Ic Ry, but more controlled junctions seem to favor an
increase of I¢c Ry as also confirmed by studies on submicron
biepitaxial JJs reported in Sect. 6 [40, 46].

GBs have been used for several corner-stone experiments
on HTS junctions [15, 19, 20]. The possibility to span over
four orders of magnitude in the critical current density (J¢)
and the normal state resistance (Ry) by selecting specific
misorientation angles in GB junctions remains as one of the
most significant advantages. This is mostly ruled by the d-
wave OP symmetry and by the GB microstructure. We can
have on one hand large J¢ values for relatively low misori-
entation angles, which allow studies on static and dynami-
cal effects associated to half-flux quantization. On the other

hand Jc values of the order of 10? A/cm? lead to junctions
with hysteretic behavior in the current-voltage characteris-
tics, which have permitted the macroscopic quantum exper-
iments discussed later.

2.2 Junctions with an Artificial Barrier

The complexity of HTS compounds and the difficulty of cre-
ating good quality interfaces stand as major problems for the
possible development of a reliable and desirable tri-layer
technology, independently of the type of barrier, i.e. noble
metals or oxide-like materials. Junctions employing a LTS
counter-electrode definitely have better performances than
those employing HTS thin films for both electrodes, but are
obviously limited in their working temperature range. We
will recall a few examples of functional devices of this type
developed up to now (referring to [20] for an extensive list
and discussion). We believe that advances gained in realiz-
ing and characterizing oxide heterostructures [47-50] might
be inspiring to revisit also some concepts for the fabrication
of oxide junctions. They might offer alternatives to the main
routes followed up to now, mostly aimed to reduce lattice
mismatches [51].

While GB junctions are only based on thin films, junc-
tions with artificial barriers have been made on both thin
films and single crystals. The first YBCO (single crystal)-
insulator-Pb (Nb) junctions [52-54] have been promptly re-
placed by a second generation based on thin films [55, 56].
Barriers have been fabricated using different methods. The
most frequent solution uses a junction fabrication process
with “ex-situ” steps, consisting of an external chemical or
ion milling etching. An example is provided by ramp-type
junctions, which use the well-established c-axis HTS thin-
film technology while allowing the main current to flow in
the a—b planes [56]. Noble metal barriers also serve to pre-
vent oxygen diffusion and to lower the junction resistance.
In the YBCO-ND junctions [56], for instance, a 7-nm YBCO
interlayer and an Au layer typically ranging between 6 and
12 nm were used as a barrier. By adjusting the Au-barrier
thickness d, the critical current density Jc can be tuned over
a wide range from 10 A/cm? (d = 120 nm) up to values of
105 A/em? (d =7 nm).

In “in-situ” junctions three layers are deposited with-
out any exposure to atmosphere [57-59]. The most signif-
icant step in the direction of the goal of an all-HTS tri-
layer with an insulating barrier is the structure composed
of Laj g5Srg.15Cu0O4 (LSCO) electrodes separated by a one-
unit-cell-thick LayCuQy4 (LCO) barrier [57]. In the LSCO
junctions, the LCO barrier thickness ranged from 1 to 15
unit cells (up to 20 nm). Inhomogeneous currents flow at low
temperatures [60]. This experiment converted the junction
from S-N-S to S-I-S through annealing at low tempera-
ture in vacuum, which drives LCO insulating leaving LSCO
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almost intact [60]. Concerns about the coexistence of su-
perconductivity and anti-ferromagnetism, verifiable through
measurements on the JE [61, 62], have been raised by these
experiments [57].

Long-range or anomalous proximity effect has also been
discussed for other types of junction (see for instance refer-
ences in Ref. [60]), and within the context of quantum phase
transitions between the low carrier-concentration insulating
antiferromagnetic phase and the high carrier-concentration
metallic and superconducting phase [63]. The ability of a gi-
ant barrier to transfer a Josephson current has been attributed
to the inhomogeneous nature of the barrier and the presence
of superconducting islands embedded in the normal metallic
matrix [64]. This is a potential argument of general interest.

2.3 Intrinsic Josephson Junctions

The layered crystal structure with strongly anisotropic prop-
erties in HTS allows another “unique” type of junction called
intrinsic stacked junctions. These junctions mostly exploit c-
axis transport. Most successful results have been achieved in
Bi;Sr,CaCu;Og [65] and Tl BayCap; Cuz O single crystals
and thin films [66, 67]. Josephson coupling between CuO;
double layers has been proved, and most of the materials be-
haved like stacks of S-I-S JJs with effective barriers of the
order of the separation of the CuO; double layers (1.5 nm)
(Je typically 10 A/cm?) [68]. Practical realizations of IJJ
have been designed in order to nominally avoid heating ef-
fects [68-70].

3 The Josephson Effect and the Order Parameter
Symmetry

Probably the most convincing evidence for a predominantly
d,>_,> pairing symmetry in the cuprates has come from
phase sensitive tunneling measurements [15, 16, 53, 54, 71].
Evidence from other types of measurement have been exten-
sively discussed in [15]. After the first two spectacular phase
sensitive tunneling demonstrations of the d-wave nature of
the OP symmetry in HTS [53, 54, 71], other experiments
still employing JJs have confirmed the effectiveness of a
predominant d-wave OP symmetry. The whole set of ex-
periments now constitutes a solid background [15, 16, 19,
20] whose methodology and procedures can be extended to
junctions composed of whatever type of materials. This does
not apply only to unconventional materials, where it would
make sense to look for ‘exotic’ OP symmetry but also for
instance to junctions with ferromagnetic barriers, whose un-
conventional phenomenology also funds on the notion of
m-phase shift [72-77].

@ Springer

3.1 Current—Phase Relation and the Notion of 7 Phase
Shift

The general expression of the current—phase relation which
takes into account current components carried by multiple
reflection processes at the junction interface and effects re-
lated to possible anisotropic OP symmetry, is [13, 71, 78]

1(¢,61,62)
= (1461, 62) sin(ng) + J (61, 62) cos(nh)) (1

n>1

where 0; and 6, are the angles of the crystallographic axes
with respect to the junction interface of the left and right
electrodes, respectively. The I, contribution depends on the
barrier transparency as a 7" power-law and corresponds to
the n-multiple reflection process. On the basis of general
symmetry arguments, for two generalized d-wave supercon-
ductors in the case of time-reversal symmetry J, = 0, to
the lowest order, the well known Sigrist—Rice expression is
found in the clean limit [79]:

1(¢,01,62) = Ag[cos(26) cos(26,)] - sin(@h). )

The dirty limit expression when disorder effects and faceting
are taken into account, is

1(¢,61,62) = As[cos(26; +262)] - sin(¢). 3)

In these expressions a negative supercurrent can be trans-
lated as a phase shift of 7 at the junction [80].

Particular choices of 1 and 6, (for instance with a mis-
orientation of 45° in GB junctions) can also make the
sin(¢) component negligible. Higher order corrections in the
current-phase relation can lead to important modifications
for d-wave superconductors.

The free energy can be expressed as

Fj=—®,/Q2nrc)|li|cos(p — ¢o), “

which is not invariant under time reversal. The intrinsic
phase shift is ¢,, which corresponds to a two-fold degener-
ate state which breaks time-reversal symmetry. A direct con-
sequence of time-reversal symmetry breaking can be seen in
the presence of spontaneous supercurrents and the possibil-
ity of vortices with fractional flux quanta [81, 82]. Again
these concepts extensively studied for HTS [15, 20, 81] are
of general relevance for all exotic superconductors, and re-
cently also for systems aimed to the detection of Majo-
rana fermions [83-94], with some intriguing merging of
the physics of Majorana bound states and of d-wave JJs,
with their additional intrinsic possibility of manipulating the
phase [92].

Deviations from the sinusoidal behavior are relevant for
weak links in the ballistic case at low temperatures and for
highly transmissive barriers [5, 6, 96, 97]. Issues related
to Ic—¢ for different types of junction have been exten-
sively discussed in the review by Golubov, Kupryanov and
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Mlichev [95]. Ic—¢ measurements on high angle bicrystal GB
junctions, especially in 45° asymmetric and 45° symmet-
ric configurations, have reported the prevalence of the 2¢
component under some specific conditions [98—101]. In RF
measurements the sample is inductively coupled to a high-
quality parallel resonance circuit driven at its resonant fre-
quency. The observation of integer as well as subharmonic
constant voltage steps at V,, ,, = %%v, with n and m inte-
ger numbers (fractional Shapiro steps) [102, 103] have not
been considered up to now an unambiguous proof of the
presence of the second harmonic since measured effects can
also result from a GB being composed of multiple junctions
in parallel [103]. The possibility of concomitant processes
manifesting in fractional Shapiro steps should be also taken
into account in recent proposals aimed to detect Majorana
fermions [83—88].

3.2 Evidence for d-Wave Symmetry from Tunneling
Measurements

We refer the readers to original fonts and extensive reviews
for a detailed discussion and historical account [15, 16], here
we are interested to briefly recall the main concepts.

3.2.1 The Origins and the First Phase Sensitive Tests

The basis for phase sensitive tests of the pairing symme-
try in superconductors was suggested by Bulaevskii et al.
in 1977 [104]. They proposed that it is possible to have an
intrinsic phase shift of 7 in a superconducting loop includ-
ing a Josephson junction, in the absence of an externally ap-
plied field or current (r-ring), the origin of the effect be-
ing spin-flip assisted tunneling within the tunnel junction
itself. The first proposal to introduce a m-phase shift into
a superconducting ring by taking advantage of the momen-
tum dependence of the pairing wave function in unconven-
tional superconductors has been demonstrated by Geshken-
bein, Larkin and Barone [105, 106]. They suggested using
the properties of 7-rings to test for unconventional pairing
symmetry in the heavy fermion superconductors [105, 106].
Sigrist and Rice [79] proposed that the paramagnetic Meiss-
ner effect [15, 107] which occurred in ceramic samples of
BiySrpCaCu,0g was due to naturally occurring 7 -rings due
to Josephson contacts between the grains, and suggested us-
ing a controlled geometry as a test of d-wave superconduc-
tivity in the HTS. A z-phase shift can be also induced by
other mechanisms, by tunneling through ferromagnetic lay-
ers [72, 73, 108], and by running supercurrent through two
closely spaced electrodes along the ring [109, 110].

The controlled geometries that have been used for ob-
serving the effects of an intrinsic -shift in a superconduct-
ing ring can be divided into two classes. In the first, the O—m
junction, one section of a JJ has an intrinsic = phase shift

relative to the other. A second geometry for phase sensi-
tive tests of the pairing symmetry in unconventional super-
conductors is the SQUID, a superconducting ring with at
least one JJ, with in general an intrinsic phase shift € upon
circling the ring [15, 16]. The first such experiments were
by Wollman et al. [53, 54]. They made m-rings and O—m-
junctions between single crystals of YBCO and Pb, a con-
ventional superconductor. They observed a phase shift of &
in the dependence of the critical currents of their w-SQUIDs
on applied flux, relative to that expected for a conventional
SQUID, and they observed a minimum in the critical cur-
rent of their O—m junctions at zero applied field. Later ex-
periments achieved better quantitative agreement due to im-
provements in the control on the asymmetries in the junction
critical currents or inhomogeneities in the junction /¢ den-
sities [111].

The first experiments to detect the spontaneous flux pre-
dicted for 7-SQUIDs and 0-m junctions fabricated from
cuprate superconductors were by Tsuei et al. [15, 71]. They
formed m-rings and O—7 junctions using a tricrystal geome-
try with GB weak links [15, 71] and observed a neat spon-
taneous magnetizations of about @ /2. These spontaneous
currents were imaged with a scanning SQUID microscope
[15]. More recently, large arrays of m-rings [56] were real-
ized by using ramp-edge junction technology of YBCO-Nb
described above and taking advantage of the large currents.
Spontaneous generation of half-flux quantum vortices in 0—
7 junctions was observed at each facet corner as the sam-
ple through scanning SQUID microscopy [112, 113]. The
directions of circulation of the spontaneous supercurrents
order strongly antiferromagnetically when the facet corners
are electrically connected, but only weakly when the facet
corners are electrically disconnected.

In recent years the use of scanning magnetic micro-
scopies ranging form SSM (just discussed for HTS cuprates)
to scanning Hall bar microscopy (SHM) and magnetic force
microscopy (MFM) have been largely applied to a variety
of problems including the physics of novel superconduc-
tors [114]. Studies both aimed to static imaging mode and
to vortex dynamics have been realized. Apart from studies
on the search of spontaneous magnetization also in rutheno-
cuprates [115-117], where triplet pairing with broken time-
reversal symmetry is expected [118, 119], and possible inter-
est for euctectic samples SroRuQO4/Sr3Ru;07 [120], exam-
ples are: the static imaging of magnetic flux in wire lattices,
clusters and arrays of rings and nanoholes, the observation
of Pearl vortices [121], unusual flux arrangements observed
in magnetic superconductors, fluxoid dynamics for the spin-
charge separation problem [114], the direct imaging of the
coexistence of ferromagnetism and superconductivity at the
LaAlO3/SrTiO3 interface [122], the measurement of super-
conducting fluctuations on samples comparable in size to the
coherence length, revealing for instance stripes in the pnic-
tide superconductor Co doped Ba-122 and the presence of
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spin-like excitations [123]. All this is discussed in detail in
the review by Kirtley [114], which also deals with issues as-
sociated to HTS.

3.2.2 Pairing Symmetry in the Behavior of Single
Josephson Junctions

Pairing symmetry of the cuprate superconductors from the
dependence of the /. of HTS JJs on junction angle rela-
tive to the cuprate crystalline axes was also inferred by us-
ing two very different junction technologies. Lombardi et al.
[38] have measured the angular dependence of the Joseph-
son I, of c-axis tilt biepitaxial GB YBCO junctions based
on a CeO; seed layer, while Smilde et al., [124] have used
the YBCO-Nb ramp-edge technology to produce a series of
junctions with varying junction normals relative to the a-
axis. The former experiment is realized in an all HTS sys-
tem and uses junctions with much lower Jc¢. “Intrinsic” d-
wave effects are dominant in the phenomenology of the JJs
themselves (not inserted in any loop) independent of the in-
terface details. On the same type of GB junctions scaled
to the submicron size [46], a closer correspondence with
the ideal Sigrist-Rice formula is found for the dependence
of the I¢ on the interface angle. This signifies that submi-
cron scaling gives access to a more “intrinsic” nature of GB
junctions, rendering more homogeneous the narrower bar-
rier composed of only few facets, where the scattering is
expected to be more uniform [46]. The low barrier trans-
mission probabilities, which preserves the directionality of
the Cooper pairs, are probably the inner reason for the ro-
bustness of the observed effects, preserved on a scale larger
than the faceting and/or any interface impurity characteristic
lengths.

In the latter experiment the junctions were made with ei-
ther twinned or untwinned YBCO films [125], and devia-
tions expected for untwinned YBCO samples were consis-
tently observed. The presence of a small imaginary compo-
nent to the gap [15, 112, 113, 124] has been largely debated
since early times, with several insights coming also from
tunneling spectroscopy [15, 21]. No consensus exists up to
now. The component if any, is, however, small. Novel in-
sights can arise through spectroscopic measurements [126]
on meso/nano islands. Concepts and methodologies used for
HTS junctions and discussed above can be obviously ap-
plied to weak links of any materials.

Predominantly d-wave pairing symmetry has been also
inferred from the characteristics of asymmetric 0-45° c-axis
twist junctions, which have rapidly alternating 0- and -
junctions due to faceting. Such faceting results in unusual
magnetic interference patterns [19, 20, 127-129] and spon-
taneous flux generation in the grain boundaries [128-131].
The rapid alternation in sign of the local Josephson criti-
cal current due to faceting can result in “splinter” Josephson
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fluxons with flux a fraction of the conventional flux quantum
[132, 133]. Splinter vortices form pairs with magnetic fluxes
that sum to @, and originate on a background of a dense
linear array of interchanging 0 and 7 junctions, where mag-
netic flux associated with spontaneous currents with ran-
dom orientation is basically unquantized. These magnetic
structures can be classified as fractional vortices. While frac-
tional vortices might be correlated with time-reversal sym-
metry breaking (BTRS), and possibly with the presence of
an imaginary component of the OP, the existence of splinter
vortices does not depend on the presence of any imaginary
component of the order parameter [132, 133].

The fact that Andreev bound states (ABS) and/or proxim-
ity effect could produce BTRS without an imaginary com-
ponent of the OP [134-138] motivated attempts to see spon-
taneous flux and fractional vortices in systems without GBs
[139, 140]. If translation symmetry is broken, the supercon-
ducting state spontaneously generates a current and a mag-
netic field. For instance, spontaneous currents have been ob-
served to be spatially correlated with impurities due to the
presence of the so-called green phase, due to Y excess in
c-axis films [140]. However, the origin of such currents is
unclear. It may be due to BTRS, to an imaginary component
of the order parameter or to the spontaneous nucleation of
topological defects in phase transitions, for instance the pin-
ning of a vortex tangle, produced near 7, in a Berezinskii—
Kosterlitz—Thouless [141, 142] type transition in the nearly
two-dimensional superconductor YBCO.

Another way of investigating BTRS at interfaces is
through tunneling spectroscopy, and more specifically the
study of zero-energy bound states, which are detected
through a peak at zero voltage (zero bias conductance peak
ZBCP) [13, 21, 144—146]. Point-contact and scanning tun-
neling microscopy (STM) measurements, which provide
measures of the quasiparticle density of states, give fur-
ther evidence for unconventional pairing symmetry in the
cuprate superconductors. It is beyond the scope of this re-
view to cover this vast topic in detail, that would also lead
the very interesting case of electron-doped HTS [15] and
parent-structure HTS [147]. We refer the reader to extensive
reviews [21, 143].

In conclusion, the enormous amount of work made to
evaluate if all junction properties would be consistent with
a d-wave OP symmetry represents a very strong and solid
background, and provides clear methodologies to test the
nature of the OP symmetry in whatever type of junctions.
From the analysis of the magnetic pattern, for instance, we
are now able to simulate more and more anomalous behav-
ior with respect to the LTS standards [4] by taking into ac-
count particular morphologies of the electrodes, unconven-
tional symmetry of the OP, the two-dimensional nature of
the electrodes, even in the case one-dimensional barriers,
and so on. In other words HTS have somehow changed the
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terms and the perception of what is really unconventional
when referring to the properties of a Josephson junction and
contributed to establish some criteria for ‘novel’ standards.

4 Escape Dynamics: the Origins and Macroscopic
Quantum Tunneling

Once outlined how classical responses of the Josephson phe-
nomenology were modified in HTS junctions as a conse-
quence of the specific microstructure or of an unconven-
tional OP symmetry, probably one of the most significant
advances has been the recent reconstruction of the phase
dynamics of HTS JJs. This has been performed through a
series of experiments aiming at measuring quantum escape
and demonstrating macroscopic quantum tunneling (MQT).
Even in absence of a clear picture of the transport modes
and of how proximity effect microscopically works at HTS
junction’s interface, the possibility of describing escape dy-
namics, sensitive fingerprint of the physics of the JJ, in terms
of the parameters commonly used in LTS devices is a rele-
vant step. The occurrence of MQT in d-wave junctions is
of particular significance for the study of the macroscopic
quantum phenomena, where low-energy quasiparticles are
expected to induce dissipation and spoil macroscopic coher-
ence.

The study of escape dynamics in JJs got most of its ex-
perimental fundamentals in the 1980s and has always repre-
sented one of the most relevant and fascinating topics, which
in the last decade turned out to be essential in the realization
of qubits [18].

Considerable insights into the non-linear dynamics of a JJ
can be gained by realizing that the equation resulting from
the Resistively Shunted Junctions (RSJ) model [3-6]

®,\2 %6 [(®,\’10¢
(E) CW—F(Z) EE-}-%U—O 5)
where
U=—®,/Q2n)(Iccos(¢p) + 1) (6)

with @, the flux quantum and /¢ the critical current, de-
scribes the motion of a ball moving on the ‘tilted washboard’
potential U (see Fig. la). The term involving the capaci-
tance C represents the mass of the particle, the 1/R term
represents the damping of the motion, and the average ‘tilt’
of the washboard is proportional to —/. The strength of the
friction can be also expressed through the junction quality
factor Q = w,RC, where w, = Qelc/hO)V2(1 — B4 is
the plasma frequency being t = 1 /I¢.

When the bias current is ramped from ¢t =0 to ¢ < 1, the
junction is in the zero-voltage state in absence of thermal
and quantum fluctuations and the particle is confined to one
of the potential wells, where it oscillates back and forth at

Running
state

A

Fig. 1 (a) Three-dimensional view of washboard potential in the RSJ
model as a function of the phase and of the bias current. The cur-
rent spans from O to Ic. (b) A two-dimensional cut from (a) for a
fixed value of the current. TA stands for thermal activation (black dot-
ted line), while MQT for macroscopic quantum tunneling (grey dotted
line). Once the particle/phase overcomes the barrier, it rolls in the run-
ning state. Retrapping processes may happen for intermediate levels of
dissipation determining a phase diffusion (PD) regime

the frequency w,. At finite temperature, the junction may
switch into a finite voltage state for a bias current ¢ < 1.
This corresponds to the particle escaping from the well ei-
ther by a thermally activated (TA) process [148] or by tun-
neling through the barrier potential, known as MQT [7-9,
18] (see Fig. 1b). The MQT rate is thus affected by dissi-
pation, because of the damping dependent factor [7-9, 149].
Once the phase point gets over a hill by fluctuations, it keeps
running, provided that the damping is below some critical
value.

The very first experiments on MQT in a JJ were car-
ried out by Voss and Webb [150] and by Jackel et al. [151],
while related experiments on a junction inserted in a super-
conducting loop were realized by de Bruyn Ouboter et al.
[152, 153], Prance et al. [154] and Dmitrenko et al. [155].
The temperature dependence of the effect of damping on
the tunneling has been addressed by later experiments [156,
157]. Devoret, Martinis and Clarke [158—-160] have estab-
lished a detailed conceptual and experimental protocol to
follow to prove the macroscopic quantum nature of tunnel-
ing and its crossover to the thermal regime, used in most
of later experiments. It has been clearly addressed the prob-
lem of the complex impedance presented to the junction at
microwave frequencies by the wires directly connected to
it or by any circuit in its vicinity, and classical phenom-
ena have been used to measure all relevant parameters of
the junction in situ [158-160]. I¢ and shunting admittance
were determined in situ in the thermal regime from the de-
pendence of escape rate I” on bias current and from resonant
activation in the presence of microwaves. In a further series
of experiments, the existence of quantized energy levels in
the potential well of the junction was demonstrated spectro-
scopically [158—160]. The behavior of the phase difference
¢ is deduced from measurements of I" of the junctions from
its zero-voltage state. To determine the escape rate 10°~10°
events are typically collected for each set of parameters. The
resulting distribution of the switching probability P (1) is
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used to compute the escape rate out of the zero-voltage state
as a function of the bias current 7 [161].

In the pure thermal regime, the escape rate for weak to
moderate damping (Q > 1) is determined by [148]

0 = 0 2 e~ AV
1) =a;,—exp| — ,
' o O\ T TG T

(N

where AU (1) = (E;4+/2/3)(1 — 1)3/? is the barrier height
for ¢ close to one and E; = hlc /2e is the Josephson energy.
The escape rate will be dominated by MQT at low enough
temperature [7-9, 149]: for Q > 1 and ¢ close to one it is
approximated by the expression for a cubic potential,

wp AU (1) 0.87
;0 :aqg exp|—7.2 (1 + ?> , (8)

hw,
where a, = (8647 AU /hw,)!/2.
It is convenient to express the thermal and the quantum
escape through an escape temperature Tes defined as
AU (1) :|
kB Tesc .

The crossover temperature 7, between the thermal and
quantum regimes is given by T = (hw,/2mkp){(1 +
17400172 —1/20).

The shunting capacitance dominate the self-capacitance
of the junction, while the bias circuitry determine the shunt-
ing conductance, respectively. The magnetic field has been
used as a crucial knob to tune 7 by changing the critical
current and therefore the plasma frequency.

Following an event of escape the particle may travel
down the potential for a few wells and then be retrapped
in one of the following minima of the potential [162, 163].
At low bias the process of escape and retrapping may occur
multiple times generating extensive diffusion of the phase
until an increase of the tilt of the potential, due to a change
in the bias current, raises the velocity of the particle and the
junction can switch to the running state [43, 69, 70, 162—
168]. The transition from thermal activation (TA) (with the
expected dependence of width o of the switching current
distribution on the temperature, o o< T2/3) to underdamped
phase diffusion (PD) regime is marked by the collapse of o
and the turn over temperature 7* is defined as the temper-
ature at which the width o of the switching current distri-
bution (SCD) reaches the maximum value. When increasing
the temperature, histograms tend to become more symmetric
and shrink rather than broaden with a consequent increase of
their maximum amplitude. This translates into a character-
istic dependence of o, i.e. appearance of an anticorrelation
between the temperature and the width of the switching dis-
tributions [69, 70, 164—168]. The change in the sign of the
derivative of the second moment of the distribution and a
modification of the shape of the distributions at temperatures
around T* turn to be distinctive signatures of the PD regime.

[y () = 22 exp ©)
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When the junction is not in the MQT regime, a tempera-
ture increase enhances the possibility of a switching at lower
currents. The dependence of the mean value of the SCD (i.e.
the mean switching current Isw) on the temperature is a fin-
gerprint of the dynamics of the junction and changes in the
transition from TA regime to PD. Due to the onset of re-
trapping events, it is necessary to provide a larger tilt to the
energy potential to allow the system to switch to the running
state. Therefore, above T* the experimental values of Isw
are greater than the predicted values, which only consider
the effects of TA.

In Fig. 2a,b SCD histograms are schematized in the low
and moderate damping regime, respectively. They give an
intuitive representation of the quite different features, along
with the temperature dependence of o and Isw as discussed
above.

5 Escape Dynamics in ‘Novel’ Types of Junction, the
Case of High-T¢ Compounds

Studies on macroscopic quantum behavior have been in the
last few years extended to novel types of structure and ma-
terial. We will refer as novel types of junction, those com-
posed of novel materials, or devices scaled to the nano-size
or based on novel design concepts, as intrinsic junctions in
HTS or junctions using nanowires as barriers. SCD mea-
surements have turned to be standard tools to investigate
phase dynamics in unconventional and hybrid systems and
nano-structures. HTS are an example of unconventional sys-
tems, because of the d-wave OP symmetry and of the pres-
ence of low-energy quasiparticles [15]. Low-energy quasi-
particles have represented since the very beginning a strong
argument against the occurrence of macroscopic quantum
effects in these materials. Quantum tunneling of the phase
leads to fluctuating voltage across the junctions which ex-
cites the low-energy quasiparticles specific for d-wave junc-
tions, causing decoherence. Contributions to dissipation due
to different transport processes, such as channels due to
nodal quasiparticles, midgap states, or their combination,
have been theoretically identified and distinguished [169—
173].

The proof of MQT in d-wave junctions implies that the
role of low-energy quasiparticles in creating dissipation is
less relevant than expected. This was first proved on GB
biepitaxial junctions by the Chalmers—Napoli experiment
[41, 42]. The search of macroscopic quantum effects be-
come feasible once high-quality HTS JJs [20] with signif-
icant hysteresis in the current-voltage characteristics were
available. Hysteresis means significant capacitive effects
and a barrier more acting as a dielectric layer, thus support-
ing SCD measurements.
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Fig. 2 SCD histograms are schematized in the low (a) and moderate
(b) damping regime, respectively. In (¢) we are still in the moderate
damped regime, but the temperature at which the width o of the SCD
reaches the maximum value T* is lower than T¢;. The temperature de-
pendence of o and Isw are both reported in the inset of each figure.
This behavior is qualitatively quite different providing distinct signa-
tures of the phase dynamics of the various junctions (Color figure on-
line)

The GB biepitaxial junctions [35-38] used in [41, 42] had
reproducible hysteretic behavior up to 90 %. The tilt config-
uration (angle & = 0°) has been selected in order to have
the lobe to node configuration, which maximizes d-wave in-
duced effects and allows to explore damping also due to low-
energy quasiparticles. The SCD as a function of temperature
for the biepitaxial JJ substantially follows what commonly
measured on LTS JJs, with a saturation of the measured o
below 50 mK [41], which corresponds to the Tt from the
thermal to the MQT regime and is consistent with the pre-
dicted values. The change of T¢; through an external mag-

netic field is an important confirmation of the occurrence
of MQT. Values of R >~ 100 §2 and C; ~ 0.22 pF can be
obtained from the measurements with a plasma frequency
wp/2m ~ 2.6 GHz and a quality factor of the order of 10
[41, 42, 174]. C-axis tilt is mostly responsible for low bar-
rier transparency and leads to the presence of a significant
kinetic inductance in the modeling of YBCO JJ. In these
junctions the presence of a kinetic inductance and a stray
capacitance determine the main difference in the washboard
potential making the system behavior depending on two de-
grees of freedom [42, 174—176]. The YBCO JJ is coupled to
this LC-circuit and the potential becomes two-dimensional
(2D).

For YBCO biepitaxial junctions engineered on
(Lag.3Srg.7) (Alg.65Tag.35)O3 (LSAT) substrates [40], a di-
rect transition from phase diffusion (PD) regime to MQT
has been demonstrated [43]. These junctions are character-
ized by higher quality factor I.Ry and by lower values of
capacitance. Since LSAT substrates have a lower dielectric
constant with respect to SrTiOs substrates, this structure al-
lows to isolate GB contribution from stray capacitance, and
tends to favor moderately damped regime [40]. The experi-
ment has been designed to meet the condition 7* < T, tak-
ing advantage of the characteristics of these types of junc-
tion. At lower temperatures MQT has been observed with
the characteristics saturation of o. Consistently with MQT,
the T, can be tuned by the magnetic field. With increasing
temperature there is a direct transition to the PD regime be-
cause of the condition T* < T,. The SCD curves broaden
when lowering the T and correspondingly the peak intensity
decreases [43].

Schematic SCD histograms are reported in Fig. 2c, along
with the o and Isw dependence. The fall off of ¢ allows an
accurate estimations of the dissipation Q, in this case about
1.3, through a fitting procedure based on Monte Carlo sim-
ulations [43, 166]. This method is of general utility for all
types of junction, in the moderately damped regime where
it is not always easy to quantify dissipation through stan-
dard technique based on resonant activation measurements
[158-160]. Remarkably all parameters are consistently cal-
culated. From the T, once known the Q value from the
phase diffusion fitting, first C = 64 {fF and the plasma fre-
quency w, = 38 GHz are inferred. This value of the capaci-
tance C is also in agreement with the value extrapolated us-
ing the estimated specific capacitance Cs; ~ 2 x 107> Fem ™2
for YBaCuO BP JJs on LSAT substrates [40]. Similar re-
sults have been found in submicron Nb/A1Ox/Nb [177] and
Al/A1Ox/Al [178] JJs. In Ref. [177] an anomalous o (T)
dependence with a negative do/dT is reported over the
entire temperature range. This regime can be achieved by
engineering junctions with lower I¢c and C, such that the
ratio I./C, which regulates T¢, is constant and the turn
over temperature 7* is lower or comparable to the quan-
tum crossover temperature T [158]. In Ref. [178] JJs have
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been engineered to obtain low /., of about 400 nA, and low
capacitance, of about 40 fF, at the same time. In this way TA
is completely suppressed since 7* is lower than T;. On the
other hand, by adding a shunting capacitance in the device
circuit, TA regime is recovered, showing that the shunting
capacitance can be used in order to tune the phase dynam-
ics.

All the junctions considered above fall in the moderately
damped junctions (1 < Q < 10), and are the obvious con-
sequence of the possibility to reproducibly achieve low I¢
in submicron junctions. Lower ¢ result in lower Joseph-
son energies E;, and higher levels of dissipation are ex-
pected. The range of the energy dynamical parameters is
significantly enlarged, and it is technologically easier to re-
producibly realize not trivial configurations. The pioneering
studies of Kautz and Martinis [162, 163] and Iansiti et al.
[180, 181] on small junctions where E; could be signifi-
cantly lowered, can be now supported and developed by dif-
ferent types of junction of quite different sizes. These de-
vices are characterized by intermediate levels of dissipation
and by phase diffusion phenomena. The low critical current
density J. limit seems to be characteristic also of all futuris-
tic nano-hybrids devices incorporating nanowires, and the
moderately damped regime is intrinsically more common
than it could be expected. In this general scenario the ex-
periment in Ref. [43] stands as an example of how it might
be relatively easier for HTS junctions to meet the require-
ment of T* < T, and to contribute to settle (Q, kgT/E )
phase diagram shown in Fig. 3. The transition curve between
TA and PD regime has been determined through Monte
Carlo simulations, in which the phase dynamics has been
explored in a wide range of junction parameters [43, 168,
179]. The good agreement between the transition points
shown in Fig. 3, which refer to various works reported
in the literature, and the numerically estimated transition
curve makes this phase diagram a valid guideline in order
to define the relation between E, the turn over temper-
ature 7* and the junction quality factor Q. In addition it
indicates how the transition from TA to PD regime can be
tuned by the critical current and the shunting capacitance of
the JJ.

These experiments can be important intermediate steps
for the observation of quantum phase diffusion [180, 181].
In the quantum phase diffusion regime E; and Coulomb en-
ergy E. are expected to be comparable, and quantum ef-
fects associated to phase delocalization and classical effects
associated to frequency-dependent damping are both deter-
minant [162, 163]. Junctions are underdamped at high fre-
quencies but are in the overdamped limit at low frequencies,
respectively.

Another class of experiments on the study of phase dy-
namics has been realized on Bi; SroCaCu,Og intrinsic junc-
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Fig. 3 Q, kpT/E; phase diagram. The transition curve between TA
and PD regime has been extrapolated through numerical simulations;
the sideband curves mark the uncertainty in the calculations and are
due to the temperature step size. The points refer to various works re-
ported in the literature in the last ten years. The good agreement be-
tween experiments and simulations certifies the universal character of
the phase diagram

tions [182, 183]. Interest has been directed to increase the
crossover temperature (7¢;) and to clarify the nature of 1JJs,
rather than raising novel themes of coherence in d-wave sys-
tems. T, has been reported to be about 800 mK, remarkably
higher than those usually found in LTS systems. By using
microwave spectroscopy, the unique uniform array structure
of 1JJs stacks have been considered responsible for a signifi-
cant enhancement of the tunneling rate [183]. This enhance-
ment adds a factor of approximately N2 to the quantum es-
cape rate of a single Josephson junction, also resulting in
a significant increase of T, where N is the number of the
junctions in the stack. This effect can be caused by large
quantum fluctuations due to interactions among the N junc-
tions [183].

At the end of this section we present a short list of signif-
icant signatures that classify the phase dynamics of a junc-
tion and its dissipation, and in particular the transition from
TA/MQT to PD regime:

(1) dependence of width o of the SCD on the temperature;

(2) asymmetry of the distribution measured by skewness y
as a function of the temperature that is, the ratio m3 /o>
where mj is the third central moment of the distribution
[43, 166, 168].

(3) dependence shape of the escape rates I” on the ratio be-
tween the barrier height AU and the thermal energy. In
TA regime the SCD are asymmetric and skewed to the
left, and I" values all fall onto the same line. Retrap-
ping processes cause a progressive symmetrization of
the switching distribution, and a bending in the I" vs.
AU/kpT [165, 168].
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(4) measurements reported in points 1-3 as a function of
magnetic field;

(5) all junction and characteristic ‘phase dynamics’ param-
eters need to be estimated and to be self-consistent.

The whole set of data collected in these subsections is a
solid framework where most of the phase dynamics can be
easily classified through a study of switching current distri-
butions. A phase diagram valid in a large range of dissipa-
tion conditions emerges as a functional guide to classify all
types of behavior and as a reference for phase dynamics of
novel types of junction and system for which the nature of
the current-induced transition from the superconducting to
the normal state has not been completely clarified.

6 HTS Junctions and Wires on the Meso/Nano Scale

6.1 Submicron Josephson Junctions, Energy Scales and
Mesoscopic Effects

Looking at recent literature HTS systems have represented
the start for SCD measurements on systems different from
LTS junctions. Some of the more recent advances in the field
of HTS Josephson devices have been pushed by advances in
nanotechnology. Nano-scale junctions get closer to the char-
acteristic scale lengths of HTS (i.e. coherence length, charge
domains, ...) and HTS structures (i.e. GB facets, GB dis-
location distribution, nano-channel size, ...) and have po-
tentials to isolate intrinsic features and transport regimes of
HTS systems. These efforts will lead to understand the ul-
timate limit of GB performances and to valuable progress
in the study of coherence in HTS systems. Looking at the
great amount of data available in the literature, to the ap-
parent contrast of several results, or to the fact that some
predicted phenomena derived from well-established effects
have not yet been clearly detected or only at intermittence
(such as 2¢p component, BTRS, all deriving from d-wave
OP symmetry [15, 20]), the only reasonable explanation is
to assume that several different tunneling and diffusive pro-
cesses are active in the transport, but only the morphology
of the barrier and of the GB will discriminate the role of
each transport mechanism. The microstructure acts as a fil-
ter determining additional constraints on the various trans-
port modes, and nano-structures may help to isolate the var-
ious contributions. Another relevant issue is that HTS are
characterized by scaling lengths and energies quite different
from those characteristic of LTS canonical systems. From
the fundamental point of view this may lead to novel effects
that become observable in experimentally more accessible
regimes, while on the applicative side HT'S nano-structures
can be scaled to much smaller sizes than LTS systems, being
superconducting at the same time at much larger tempera-
tures and magnetic fields.

The first studies on bicrystal submicron JJs gave encour-
aging results as the reduction of decoherence [184], the pres-
ence of the 2¢p component [99], or of Andreev bound states
[185, 186]. Recently submicron biepitaxial junctions have
been realized down to about 500 nm by using both e-beam
lithography and C and Ti masking [46, 187]. Yield and re-
producibility have been improved on this width scale, junc-
tions exhibit more uniform barrier and d-wave induced ef-
fects are even more controlled [46]. The analysis of the
switching process from the superconducting branch to the
normal state at voltage value Ay, has been also carried out,
suggesting a correlation of Ay, with the interface orienta-
tion and the d-wave OP profile. The low dissipation of the
junctions and a much reduced number of facets have also
emerged as characteristic features. These achievements open
the way to the ultimate target, i.e., reproducible, single facet
junction a few hundreds nanometers wide.

This classical controllable “top-down” approach is ac-
companied by some sort of “bottom-up” techniques, which
fund on the intrinsic nature of GB. The complex growth pro-
cess may determine self-assembled nano-channels of vari-
able dimensions, ranging typically from 20 nm to 200 nm.
These nano-contacts can be considered self-protected as far
as they are “enclosed” in macroscopic impurities. Even if
this very last technique is not ideal on the long range for ap-
plications, since it needs an additional critical step to locate
the nanobridges and etch the HTS thin film, it can be really
helpful to understand the ultimate limit of the junction per-
formances and to understand the transport mechanisms.

A study on universal conductance fluctuations in mag-
netic field in YBCO biepitaxial Josephson junctions is an
example of how to use the natural self-assembling to investi-
gate relevant issues on HTS JJs such as relaxation processes
for quasiparticles [188—190]. The experimental conductance
fluctuations as a function of the magnetic field have been
studied using autocorrelation function protocols typical of
traditional mesoscopic systems. Conductance fluctuations
have been measured at low temperatures as a function of
magnetic field. The system is in the regime of universal con-
ductance fluctuations, which are nonperiodic, and have all
the typical characteristics of mesoscopic fluctuations [191—
196].

An energy scale of the order of 1 meV arises naturally
from the autocorrelation function that has been identified
as the Thouless energy Eg, [196]. This is proportional to
the inverse time an electron spends in moving coherently
across the mesoscopic sample. Quasiparticles seem to travel
coherently across the junction. Hence, microscopic features
of the weak link appear as less relevant, in favor of meso-
scopic, non local properties. In this case, the quasiparticle
phase coherence time 7, does not seem to be limited by
energy relaxation due to voltage induced non-equilibrium.
The remarkably long lifetime of the carriers, found in these
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experiments, appears to be a generic property in high-T¢
YBCO junctions as proved by optical measurements [197]
and by macroscopic quantum tunneling [41, 42]. Magneto-
conductance spectra in other words confirm the existence
of a characteristic energy scale, revealing nano-channels of
size of about 100 nm as paths of the current. Their size de-
fines the characteristic energy of the junction, i.e. the Thou-
less energy ETy,, which is about the 1. Ry value and its direct
‘image’, the minigap Eg, i.e. the gap induced in the bar-
rier region [190]. E7y, is quite large when compared to what
usually measured in traditional normal metal artificial sys-
tems, because the nanocontacts are self-assembled and rela-
tively smaller [190]. E, in the spectrum is a consequence of
the special ‘length-scale hierarchy’ of the device, benefitting
of the specific mesoscopic single particle coherence of the
sample. These conductance oscillations are expected to be
quite general features of mesoscopic junctions as far as the
material parameters meet the requirements &5 < L < Ly
where &g is the coherence length, L the length of the barrier
and Ly the phase coherence length, respectively. HTS JIs
give access to this regime, which is indeed hardly achievable
in LTS proximized structures. Periodical oscillations in the
magnetoconductance have been recently measured in proxi-
mized gold nanowires up to 1.2 um long and attributed to the
presence of the minigap [198]. The disappearance of those
oscillations by changing the length L of the wires confirms
that the showing up of the minigap is critical.

These experiments [188—190] not only suggest quasipar-
ticle scattering inefficient in producing relaxation in the An-
dreev proximity and in reducing the lifetime of the antin-
odal quasiparticles, but confirm the relevance of possible
effective filamentary structures across GBs in the trans-
port modes, as debated also in early times [19, 20, 199-
202]. Hints on a more complex vortex dynamics at the GB
also come from magnetically imaging the vortices in the
GB through scanning area Hall bar microscopy. The volt-
age across the GB has been inferred from the frequency
of the telegraph noise, with voltage sensitivity as small as
2 x 10710 V, reflecting the motion of millions of vortices
across boundary per second [203].

The idea to use the self-protected GB growing in be-
tween impurities has been also pursued in [204] by using
‘standard’ e-beam techniques combined to focused ion beam
(FIB). By using the competition between the superconduct-
ing YBCO and the insulating Y,BaCuOs phases during
film growth, nanometer sized GB junctions of the order of
100 nm were formed in the insulating Y,BaCuOs5 matrix.
FIB has been used also to produce nano-SQUIDs employ-
ing bicrystal junctions of widths down to 80 nm [205]. Per-
formances are quite promising and respond to the need of
sensitive nanoSQUIDs for various applications [206] and in
particular for the detection of small spin systems.

One of the next steps to be understood is whether the
scale of 100 nm (coming out from the different experiments
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discussed above) is representative of the intrinsic nature
of HTS or not. A matrix of filaments of smaller size, re-
lated to the nature of HTS rather than to the macroscopic
artifacts formed during the build-up of the GB, could re-
sult for instance from intrinsic stripes [207-209] or from
regions where strong correlations are not uniformly dis-
tributed along the GB. Charge inhomogeneities at the grain
boundary have been also microscopically modeled and iden-
tified as a relevant source for the suppression of J¢ [210].
A matrix on a scale significantly smaller than 100 nm would
have its own fingerprints superimposed on those discussed
above.

6.2 HTS Nano-Structures and Nanowires

Junctions obviously benefit of the progress achieved in pat-
terning simple nano-structures and nanowires, not across
any engineered GB. Advanced nanolithography techniques
have been applied to produce high-quality YBCO nanowires
[211-213] down to the scale of 30-50 nm with improved
performances and reproducibility when compared with early
results [214-219]. An example of a YBCO nanowire, 50 nm
wide, realized at NEST in collaboration with University of
Napoli is shown in Fig. 4. ‘Standard’ flux-flow /-V curves
have been found down to widths of 20-30 nm without any
sign of weak-link behavior or of a possible nanotextured
structure of HTS. Lack of special fingerprints obviously ap-
plies only to standard /—V measurements, since no focused
measurements have been realized in absence of clear indica-
tions (to our knowledge) of possible benchmarks of a striped
structure in /—V curves. The performances of the self-
assembled and intrinsically protected junctions contribute
to define the ultimate limits of a top-down approach, also
in view of possible challenging bottom-up like procedures.
In the latter case the film deposition is the last step in the
nanofabrication process, and no further chemical or physi-
cal treatments are done after the film growth. Top-down and
bottom-up nanolithography approaches can both work, even
if they are technologically quite complex and advanced. The
use of cap layers protecting as long as possible the conduct-
ing channel in the fabrication process is functional in pre-
serving the high quality of the original HTS film and GB,
and in determining the high quality of the nano-structure.
The know-how acquired in dealing with HTS so intrinsi-
cally sensitive to processing is a relevant background to keep
into account also for producing meso- and nano-structures
with novel materials, as for instance pnictide superconduc-
tors.

Transport experiments on single nanowires are consid-
ered very important to possibly unveil several issues on HTS
and its pairing mechanism, to discern various states in the
HTS phase diagram by virtue of the system size [217, 218].
This potential of using HT'S nano-structures for fundamental
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Fig. 4 Scanning Electron Microscope image shows a typical YBCO
nanowire realized by E-Beam Lithography fabrication process. The
nanowire shown is 1.5 pm long, 50 nm wide and thick. It is covered
by a gold cap layer thick 20 nm useful to reduce any damage due the
nano-patterning process

topics also extends to curved geometry and non-trivial topol-
ogy, which is a traditional rich source of novel physics. The
properties of single submicron YBCO and LaSrCuO rings
have been investigated [220-222], on the boost of claims
of a crossover between the typical &/2e superconducting
and h/e quasiparticle flux periodicity in mesoscopic loops
of length scales even larger than & [223-228]. This transi-
tion is a manifestation of macroscopic quantum coherence
and is favored in an underdoped d-wave system where ro-
bust superconductivity along specific directions coexist with
low-energy quasiparticles [223-228]. It raises the possibility
of manipulation of spin currents (carried by quasiparticles)
by controlled motion of magnetic fluxes with applications to
spintronics and other areas of applied science.

No such crossover has been observed, but novel insights
have been achieved on a concentric vortex structure with
nonuniform vorticity (induced by the peculiar HTS relation-
ship between the values of £ and the London penetration
depth) [220] and the interaction between thermally excited
moving vortices and the oscillating persistent current in-
duced in the loops [221, 222]. These experiments have been
of reference for novel theoretical investigations on meso-
scopic rings [229-231]. Large resistance oscillations are due
to current-excited moving vortices, where the applied cur-
rent in competition with the oscillating Meissner currents
imposes or removes the barriers for vortex motion [232—
235] in an increasing magnetic field [229]. This represents
an additional phenomenon to be considered in parallel with
the Little—Parks effect in transport measurements, and also
with thermal activation of dissipative vortex—antivortex pairs
in HTS samples. In [230] it is shown that open superconduc-
tor nanotubes provide a tunable generator of superconduct-
ing vortices for fluxon-based quantum computing.

All the progress achieved in nanotechnology applied to
HTS and in mastering more and more robust and high-
quality hetero-structures makes possible the realization of
hybrid devices with HTS electrodes incorporating as a tun-
able barrier nanowires of different materials [236]. This type
of architecture not only may benefit of the high temperatures
of the electrodes but also of complementary functionalities
of the barrier from semiconducting to ferromagnetic. Appli-
cations such as field effect transistors [237-239] and nano-
sensors may take advantage of these new possibilities of-
fered by nanotechnology. Hybrid nanostructures engineered
by inducing superconductivity in semiconducting nanowires
with strong spin orbit coupling (e.g. InAs or InSb) by means
of nanostructured YBCO leads, can be fruitfully used to dis-
play the very elusive Majorana quasiparticles at relatively
high temperatures [92]. This would be a great advantage
with respect to the very recent experiments involving LTS
[240] claiming to see Majorana fermions below 100 mK.
Moreover the possibility to engineer HTS (topologically
non-trivial) 7w loops could open novel scenarios for detecting
and operating Majorana Fermions with solid state supercon-
ducting devices [92].

Nanowires, two-dimensional sheets of induced or intrin-
sic superconductivity, stripes, clusters potential cells of high
critical temperature superconductivity [241, 242] are all the
means for new frontiers. From their hybridization with stan-
dard bulk superconductors, novel routes towards the secrets
of Cooper pairing and of devices of superior performances
will be accessible.

6.3 Switching Current Distributions in Nano-Junctions and
Nanowires

We conclude this section trying to establish a correlation be-
tween nano-structures and escape dynamics. Switching cur-
rent distribution measurements have been more and more
used on a series of different nano-structures. Some of them
are junctions and then can be easily classified in the schemes
described above, and more specifically in the moderately
damped regime. Some of them are simple nanowires. We
believe a subtle path exists between these different systems
with analogies and quite distinctive features. When consid-
ering that a micro-bridge of width of the order of the co-
herence length behaves as a Josephson junction [4—6], SCD
measurements will turn out to be more and more a direct
way of discriminating the phase dynamics and the transport
in non-trivial cases, which are going to be more and more
common with advances in nano-patterning superconductors
at extreme scales.

Supercurrent passes in graphene sheets comprised in be-
tween superconducting electrodes [243—-246]. This is one of
the nano-structured proximity-coupled Josephson systems
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based on conducting spacers, able in principle to be electri-
cally tuned. Other possibilities other than graphene are of-
fered by nanowires [247, 248], carbon nanotubes [249, 250]
and nanocrystals [251]. In [243, 244] graphene is attached
to Pbln electrodes separated by a trench of 300 nm. Pbln
superconducting electrodes significantly enhances the criti-
cal current /¢ compared with commonly used Al (as high as
6 pA in highly doped regions). The crossover from the clas-
sical to quantum regime is controlled by the gate voltage
and has been found surprisingly high of the order of a few
hundreds mK. Q factor is about 5-6 for all voltages. Capaci-
tance is for instance about 35 fF at V = —60 V and seems to
be not related to self-heating [252] but consistent with an ef-
fective capacitance Cefr = h/ Ry Eq, due to diffusive motion
of quasiparticles in graphene [253]. Phase diffusion regime
has been found for all gate voltages with T* ranging from
about 1 K(V=0V)to2 K (V =-60 V). Signatures of the
Thouless energy [196] and of the minigap, commonly ob-
served in the transport properties of nano-structures should
also somehow manifest in the switching dynamics in nano-
structures.

Stochastic dynamics of superconductive-resistive switch-
ing in hysteretic current-biased superconducting nanowires
undergoing phase-slip fluctuations is a topic of grow-
ing interest. Recent studies have reported phase-slip in-
duced switching in superconducting nanowires [254-257].
In Mo79Ge;; nanowires of length ranging from 100 nm up
to 200 nm [254], SCD have been used to investigate the be-
havior of individual quantum phase-slip events at high bias
currents, observing a monotonic increase of o with decreas-
ing temperature. In Al nanowires [255] of width less than
10 nm and length ranging from 1.5 to 10 pm (with critical
currents of the order of a few pA), fluctuations in the aver-
age critical current exhibit three distinct regions of behavior
and are nonmonotonic in temperature. Saturation is present
well below the critical temperature T¢c, o increases as T2/3
at intermediate temperatures, and a collapse is present close
to T¢. The relationship between individual phase slips and
switching has been also theoretically investigated [258] in
order to provide a tool to study phase slips, to contribute
to understand whether they are caused by thermal fluctua-
tions or by macroscopic quantum tunneling [259-266]. It
has been found that although several phase-slip events are
generally necessary to induce switching, there is an experi-
mentally accessible regime of temperatures and currents for
which just one single phase-slip event is sufficient to induce
switching, via the local heating it causes.

7 Conclusions

‘We have revisited some of the most recent advances on the
physics of HTS Josephson junctions. The more significant
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steps forward in these last years have been made in our opin-
ion towards the fabrication of HTS nano-structures and the
study of phase dynamics. These achievements have to be
added to the impressive know-how previously acquired in
handling experimentally and theoretically problems of sig-
nificant complexity, due to delicate nature of HTS samples
and to the composite physics of HTS. HTS JJs might in-
spire concepts for the realization of junctions of all novel
materials able to address an impressive series of issues. We
have focused on macroscopic quantum decay phenomena,
as one of the most exciting expressions of the Josephson ef-
fect. Switching current distribution measurements are a di-
rect way of discriminating the phase dynamics and the trans-
port also in non-trivial cases of moderate damping, which
are going to be more and more common with advances in
nano-patterning superconductors and in materials science
with novel possibilities of synthesizing also hybrid coplanar
systems. A wide vision on macroscopic quantum phenom-
enain a variety of complementary systems including d-wave
junctions can promote novel arguments on the interplay of
coherence and dissipation in solid state systems.
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