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Abstract A locally phase-shifted Sine-Gordon model well accounts for the phenomenology of unconventional
Josephson junctions. The phase dynamics shows resonant modes similar to Fiske modes that appear both in
the presence and in the absence of the external magnetic field in standard junctions. In the latter case, they
are also in competition with zero field propagation of Sine-Gordon solitons, i.e., fluxons, which give rise
to the so-called zero field steps in the current—voltage (I-V) of the junction. We numerically study the I-V
characteristics and the resonances magnetic field patterns for some different faceting configurations, in various
dissipative regimes, as a function of temperature. The simulated dynamics of the phase is analyzed for lower-
order resonances. We give evidence of a nontrivial dynamics due to the interaction of propagating fluxons with
localized semifluxons. Numerical results are compared with experimental outcomes obtained on high-quality
high-Tc grain boundary YBCO junctions.

Keywords Sine—Gordon equation - Josephson effect - Fluxons

1 Introduction

Among strongly nonlinear partial differential equations describing physical objects, there are several examples
of completely integrable systems, which include dissipative effects and temperature to describe real-world
systems [1,2]. Dissipative effects appear both in first derivative terms [3], breaking the time-reversal invariance,
and as noise terms, making the model amounts to a Langevin (stochastic) dynamics. The perturbed Sine—Gordon
(PSG) model [4] has been for a long time strictly linked to the long Josephson junction (LJJ) model, i.e., a
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junction whose physical length L is larger than the Josephson length Ay [5,6]. In this approach, SG-solitons
are called fluxons, because they carry a flux quantum £ /2e and “perturbation” includes dissipative terms and
noise, which affect the fluxon’s propagation. Fluxons appear in many configurations involving Josephson
junctions as discrete one-dimensional [7] or two-dimensional [8,9] arrays of Josephson junctions (JJA), or
long junctions coupled via lumped elements [ 10]. Models of granular superconductors also involve disordered
JJA [11,12]. In this last decade, the PSG model has been revisited introducing a local region where a phase
shift is present, i.e., sin(¢) is replaced by sin(¢ + ), the gauge invariant difference ¢(x, ) is the solution
of PSG equation, and 6 is a constant in a given region called a “facet.” These facets connect at discontinuity
points giving rise to a nonlinear stress region, which is found in many one-dimensional nonlinear models with
imperfections [13,14]. This occur because each facets can be roughly considered as a pendulum [15] with a
different direction of vertical axis. We focus on the case 6 = 7, i.e., the so-called 7 -junction, which is the most
common experimental condition. Pioneering studies refer to the simple two facets structure [16], showing the
presence of a localized soliton, called semifluxon which carries a half-flux quantum, pinned at the discontinuity
point between two facets. Later the PSG model has been extended to the case of many facets [17]. The static
configurations of the phase difference ¢ (x) where x is the coordinate along the facets have been widely
investigated [18]. The presence of half-flux quanta has been demonstrated in 1d and 2d arrays of engineered
faceted junctions [19,20]. Various configurations of semifluxons along the junction may arise depending on
the number of the facets and their length. Annular configurations have been also considered [21,22]. Earlier
analysis of phase dynamics [23—25] has also shown that the semifluxon has its proper dynamics, i.e., it can ‘flip’
between the up state 1, an anticlockwise localized spontaneous current, and down state |,, a clockwise localized
spontaneous current [24]. However, several aspects of the dynamical states in faceted junctions have still to be
analyzed. It has to be clarified, for instance, whether the step voltage structures, often observed [26-29] in the
[-V characteristics of high-Tc junctions, can be ascribed to dynamical resonant states or not. The semifluxons
flip dynamics can give rise to a rearrangement of the semifluxon chain along the junction in the presence of
a bias current. This implies that, depending on the initial configuration of semifluxons along the junction, the
magnetic field pattern is no longer symmetric and the dynamical switch between stable configurations can
drive the junction into a resistive state.

In the conventional PSG model, two kinds of resonances have been reported: current singularities, zero field
steps (ZFS), which appear in the absence of an external magnetic field, and Fiske steps (FS), which arise when
a magnetic field is externally applied via boundary conditions to the system [30,31]. Two different resonance
dynamics have been suggested to explain the presence of current singularities. First, in long junctions, fluxons
shuttle back and forth along the junction [32], generating ZFS. In a junction of normalized length [ = L/Aj,
the normalized voltage positions of the ZFS are given by Vi = 2k /l. On the other hand, FS are generated
by interaction of e.m. cavity modes with the ac Josephson effect. The theory developed by Kulik [33], based
on the excitation of e.m. standing waves, is in good agreement for most of the experimental observations
of Fiske steps in small junctions. FS appear at the normalized voltage positions Vy = km /[, where k is an
integer number. Thus, the normalized voltage for even order FS coincides with ZFS voltage. Second, a different
explanation is based on the observation that an external magnetic field causes an asymmetric phase dynamics
through the boundary conditions. The fluxon propagation becomes unidirectional: fluxons enter from one side
of the junction and annihilate on the opposite one. According to this hypothesis, sometimes referred to as
“Samuelsen hypothesis” [34,35], the fluxon propagation is responsible also for existence of FS, besides ZFS,
in long junctions.

Cirillo etal. [36] have made evident that two separate regimes in long junctions depend on the intensity of the
applied magnetic field. At small fields, the fluxon picture applies. For larger fields, i.e., beyond the threshold
represented by Tinkham field Hy = 2AjJy [37], the field penetrates into the junction and the dynamics is
dominated by a cavity mode mechanism as far as its magnetic properties are concerned. In the extended
version of PSG model, able to account for the facets in the barrier, the phase dynamics is more complex due to
the presence of intrinsic magnetic field created by the spontaneous currents. For example, for an even number
N of facets (with equal length) in zero magnetic field, a family of resonances similar to ZFS appear at voltages
Vi = km /1 with k odd (half-integer ZFS, or ZFSk/2). For two facets, N = 2, this dynamics has been reported
in Ref. [23] in the case of very low dissipation. The behavior is characterized by the presence of localized
magnetic moments of semifluxons that amounts to a local magnetic field and gives rise to a FS dynamics in
zero field. On the other hand, for an odd number of equal facets, the local magnetic field of an equal number
of semifluxons does not carry a net magnetic moment and ZFS appear at the usual voltages V; = km /[ with k
even; thus, also Fiske steps of even order appear. These observations have been very recently also demonstrated
in experiments [38] for the case of a N = 2 facets ferromagnetic tunnel Josephson junction.
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Four questions summarize the main issues: (1) Are these dynamics still due to the propagation of quasi-
solitonic modes (fluxons) and to their interaction with localized semifluxons? If this is not the case, is the
dynamics rather described on the basis of the e.m. cavity modes, as in conventional junction, because of the
presence of spontaneous magnetic moments? (2) How is the dynamics influenced by the faceting parity (N odd
or even)? (3) What is the temperature dependence of these dynamical states? (4) Finally, what is the difference
between a junction characterized by a perfect (engineered) distribution of facets lengths, and a junction with
a random distribution of facets lengths?

Other related issues are the role of the junction normalized size [ and of dissipation in determining the
nature of resonances observed in [-V characteristics. For sake of brevity, here we shall not consider very long
junctions (I > 10) except in some particular cases. In fact, very long high-T, junctions will have a too high
dissipation to show a fully resonant dynamics [39].

The numerical analysis of I-V leads to a systematic study of resonances and their magnetic field pattern for
the different configurations. When an external magnetic field is applied, the resonances show a characteristic
interference pattern. The magnetic field pattern turns out to be crucial to determine the order and the nature of
the resonance. Different underlying dynamics can produce side-lobes in the resonance magnetic field pattern
that can be identified as competition between e.m. cavity modes and fluxon propagation. We confine our study
to some cases that can be more directly compared with experiments.

The study of the resonances appearing in the I-V characteristics by numerical simulations answers the
main questions above. Most of the values of the parameters used in the simulations will be inspired by the
estimates in high critical temperature superconductors (HTS) YBCO biepitaxial “grain boundary” junctions
that can be naturally faceted. Below, we report some experimental measurements from two different junctions,
a corner and a submicron biepitaxial junction, respectively. The behaviors reflect the different morphologies.

The paper is organized as follows: in Sect. 2, we briefly describe the model of long faceted Josephson
junction and our numerical approach; in Sect. 3, we report the I-V characteristics and the magnetic field
dependence of several resonances for different facets numbers and configurations. In Sect. 4, a comparison
with experiments is carried, and finally, some conclusions are presented in Sect. 5.

2 Model

Dynamics of gauge invariant phase difference ¢ (x, #) along the GB faceted junction extended in the x direction
can be simulated using the PSG model in presence of 0-w facets [16] with a spatially dependent j (x) current
density. A sketch of a faceted Josephson junction is reported in Fig. 1a, b. For long GB junction of physical
length L, the Sine—Gordon equation for the phase difference ¢(x, t) is written as [18]:

Qi — Qxx @ +e(x)sing =y + yy (D

with boundary conditions given in terms of normalized magnetic field 7:
0.1y =, 1) =1

In Eq. (1), time is normalized to (zero bias) plasma frequency wy = /2w 1/ CPg (I is the critical current
and @ is the flux quantum) and the lengths to the Josephson penetration depth A; = /@ /27 uodJy where

Jo=1Ip/Lw = (1/Lw) fOL | j (x)]dx is the mean absolute value of critical current density and d is the magnetic
thickness of junction d = 24y, 4 ¢, A is the London length, ¢ the barrier thickness and w the junction width.
n = 2muoirry/Po)B is the normalized magnetic field. In Eq. (1), « is the normalized normal conductance,
ie,a =1/0 = 1/J/Bc, where Bc = 2w IgR>C/®y is the Stewart—McCumber parameter and y = I,/ I
the normalized bias current, respectively [40,41]. Finally, yy is a dimensionless noise current with Gaussian
autocorrelation function:

ArlakpT

8(x —xH8(t —1)).
Bolo (x —x)d( )

(yn(x, Dyn (', 1) =
The coefficient e(x) = j(x)/Jo is related to the current distribution and is positive for conventional facets and
negative for 7 facets. We suppose that facets have different lengths, i.e., for a normalized junction length /,
we consider a partition {a1, a2, a3, ...ay} of [ in N different facets such that Ziv aj = l. In the following by
“perfect” (symmetric) faceting, we mean that all a; are equal, i.e., a; = a for any j (see Fig. 1a). The other
interesting case is the “random” faceting in which the a; are extracted by a random statistical population (see
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a, a, a;a, a,

Fig. 1 a A sketch of a faceted Josephson junction in the perfect faceting case, b a sketch of a faceted Josephson junction in the
random faceting case

Fig. 1b). Without loss of generality here, we suppose that | j (x)|/Jo = 1, because a difference in the absolute
value of conventional and 7 current in a given facet can always be modeled by a different facet normalized
lengths [42].

We do not study here the random faceting case. We limit ourselves to note that the analysis of the random
faceting, arising from a population of N facets, is related to the fluctuation dissipation theorem and to the
Langevin’s equation, and generally implies that the noise current autocorrelation is not trivial. In particular,
it has been recently shown [43] that in the case of a population of facets with finite N, although large, the
dependency between the Langevin equation and the fluctuation dissipation theorem can be approached in a
perturbation context in terms of the small parameters 1/N. Therefore, instead of Eq. (1), a cascade of similar
Langevin-like equations can be considered.

Equation (1) can be used to find the I-V characteristic of the junction, ramping the current bias from zero
and calculating the average voltage V = (¢;). In Sect. 4, we show that the simulations reproduce with good
accuracy the experimental results for a dissipation parameter in the interval 0.1 < o < 0.2 in agreement with
the hysteretical behavior of I-V curve. Such range of values of « is compatible with (relatively) low values
of dissipation observed in hysteretical bi-epitaxial junctions [27,44,45]. In the simulations, we start from the
lowest energy semifluxons configuration, e.g., the anti-ferromagnetic state 11 - - - | 1 which is the minimum
energy state for a faceted junction at zero bias current [46]. This state is doubly degenerate with its reversed
semifluxons state | 1| - -+ 1. For an odd number of semifluxons, or N even, the interaction with an external
field removes the degeneracy, giving rise to asymmetries in critical current patterns, as will be discussed below.

3 Magnetic field patterns

In Figs. 2 and 6, we report the magnetic field patterns of both critical current and resonances for a conventional
LJJwith] = 5 (Fig. 2) and for perfectly faceted long junctions with/ = Sand N = 2, 3 (Figs. 3, 4), respectively.
The 2d plots have been obtained by calculating the dynamical differential resistivity R; = dV /dy to observe
the complete behavior of both the critical current and the resonances of the junction as function of the variables
yp (bias current) and 1 (magnetic field). Each of the bright region or bright spots (high R;) in the Figs. 2
and 4 corresponds to a switch between dynamical states. Thus, bright regions or bright spots mark the pattern
boundary of critical currents and resonances. By converse, region of very low or zero resistance, critical currents
and steps appears as darker areas (blue online). The background light gray (green online) corresponds to the
resistive state with Ry ~ 1/o in normalized units. The critical current pattern is in the front in dark gray
(dark blue online) with zero Ry, and resonances appear as regions of very low R, developing over resistive
background and going over the grayscale (blue to cyan online). Experimental results on biepitaxial YBCO GB
Josephson junctions suggest the values of normalized length and dissipation used in the simulations shown
below. We set [ = 5, and o = 0.2, which also satisfy the criterium for a resonant dynamics [39].

Whenever the hysteresis causes the critical current and resonances patterns overlap each other, we start
the simulation at high bias where the junction is in a flatly rotating state (the so-called McCumber state), then
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Fig. 2 2D plot of dV /dI as function of normalized current and magnetic field for zero faceting (conventional junction, N = 1)
and @ = 0.2, [ = 5. In the inset, the critical current magnetic field pattern obtained from simulations (circles) and Eq. (2) (full
line)

20 0.8-___ L=2 ECI-(2
; k=10 '
1.6 - 3
k=8 =
1.4
k=7
1.2
k=6
1.0
b »
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0.6 ot}
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Fig. 3 2D plot of dV /dI as function of normalized current and magnetic field for perfect facetingandw = 0.2, / = Sand N = 2.
Darker areas represent regions of low dynamical resistance. Semifluxons static configurations and their “flip” lines have been
marked in red to help the reader. In the top inset, the critical current versus magnetic field is reported for / = 2 and [ = 5 (lines
with circles). The full line is the result of Eq. (2). In the bottom inset is reported the magnetic field behavior of first two resonances
k =1 (squares) and k = 3 S (empty circles) and F (full circles) branches (color figure online)

decrease the bias until the average voltage V is close to the resonance we want study and finally, increase again
the bias to determine the pattern. We use this technique to derive some patterns for single resonances shown
in the insets at right of 2d plot. We comment on each of them in the following.

The most prominent feature in Figs. 2 and 4 is the critical current pattern that we describe in subsection A
below; in subsection B, we discuss the step structure at finite voltages.
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AT,

Fig. 4 2D plot of dV /dI as function of normalized current and magnetic field for perfect facetingandw = 0.2, / = 5Sand N = 3.
Darker areas represent regions of low dynamical resistance. In the fop inset, the critical current magnetic field pattern is reported
for [ = 5 (lines with circles). The full line is the result of Eq. (2)

3.1 Critical current patterns

The envelope of numerically simulated pattern, i.e., the maximal critical current at a given field, can be
compared with the analytical expression given in Refs. [19,20] in normalized units:

2 2

1 N N
1D =57 (Z(X sin ¢, — & cos Q)) + (Z(x cos £y + € sin g“n)) (2)

n=1 n=1

where ¢, = n(m — 27 f/N), x = 1 —cosnf/N)), & = sin2rf/N) and [ = @ /Py = nl/2mw with @
the magnetic flux coupled to the junction. This formula is substantially confirmed by numerical simulations
for different values of N (see the top right insets in Figs. 2 and 4 where both [ = 2 and [ = 5 patterns are
reported). For N = 1, Eq. (2) reduces to conventional Fraunhofer pattern as it is evident in Fig. 2 and in its
top right inset. For large values of / ~ 10, independently of N, critical current patterns collapse in a single
peak and the lateral lobes merge in an uniform structure [40]. This happens in conventional long junctions as
well. For [ > m, the central peak of magnetic field pattern occurs for || < 2, which corresponds in physical
units to the so-called Tinkham field Hy = 2JpAy, i.e., the field for the complete magnetic penetration of the
junction [31]. The numerically simulated pattern for a generic facet number N is build up of many subpatterns,
each belonging to a different semifluxon configuration in the junction (whenever the identification is possible,
we report the semifluxon configuration in the inset plots using the arrows notation: 1 and |, indicate semifluxon
of different polarities, respectively).

The merit of a numerical approach is also to enlighten transition between configurations of the phase in the
junction, transitions that Eq. (2) cannot predict. This is a new dynamical effect, absent in conventional LJJs due
to the rearrangement of static patterns of semifluxons. At low dissipations, some phase configurations become
unstable and produce a switch of the whole junction to a resistive state before critical current is reached.

For example, we see from Fig. 3, both in the main plot and in the top inset, that for N = 2 and [ = 5, the
pattern is asymmetric reflecting the starting polarity 1 of the single semifluxon in the junction. The critical
current pattern is shown in the top right inset of Fig. 3. The continuous symmetric curve is the prediction
of Eq. (2). We again see that for [ = 5, the simulated pattern is asymmetric reflecting the semifluxon initial
polarity. Moreover, a sort of faint “flip line” made of bright spots separates the two states. It corresponds to
the presence of a voltage spike due to a dynamical flip between the two states or a resistive switch.
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0,8+

Fig. 5 Critical current magnetic field pattern dependence on dissipation « for/ = 5, N = 2 and semifluxon prepared 1

The “paramagnetic” solution, i.e., the polarity of the (odd) semifluxon having the same sign of the magnetic
field [17], becomes unstable at lower bias current with respect to “diamagnetic” solution, i.e., opposite sign
of the magnetic field and the semifluxon. This lowest “critical” current is marked by the flip line. When the
flip line is reached, the semifluxon can either flip in the opposite polarity or the whole junction can reach a
resistive state. The reverse asymmetry is obtained with the opposite polarity, |, .

The switch to the resistive state is more easily observed at low dissipation, and thus, the visibility of the
asymmetry depends on the dissipation, as is clearly evident from difference in the pattern dip between o« = 0.2
and o = 1.0 (see Fig. 5 for the pattern dependence on «). In the « = 1.0 case, the dip in the pattern looks
less evident, because after the flip the high dissipation prevents the junction from reaching the resistive state.
However, the flip line under the right side of the pattern is again visible due to voltage fluctuations excited by
flip dynamics, which reduce the dynamical resistance. The asymmetry of the pattern may be not observable if
the junction is prepared randomly at 50 % in the each of two polarities 1 and |, because the resulting pattern
will be an average of two specular asymmetric patterns, but the center dip is always present as well as two flip
lines.

For N = 3 and [ = 5, the critical current pattern is symmetric (see Fig. 4). In general, this occurs for any
odd value of N. The flip lines visible in the pattern are due to the transition from anti-ferromagnetic 1 to
ferromagnetic 11 (or | | ) configurations by flipping the semifluxon, which is opposite to field. Thus, the large
symmetric lobes belong to a ferromagnetic configuration. The well-marked “flip” lines present in central lobe,
at small bias current, are due to initial preparation in | 1 state, which is stable only for small positive current
due to semifluxons instability near the ferromagnetic solutions (the reverse occurs for negative currents).

3.2 Resonances patterns

In the resonance patterns, we can identify three different types of structures corresponding to different dynamics
model:

1. Fiske Step resonances (FS). In analogy to conventional LJJ reported in Fig. 2 (N = 1), the resonance
patterns of faceted junctions of Figs. 3, 4 and 6 (N = 2, 3, 5, 6) show maxima at progressively larger
magnetic field, marking on the 2d plots two wings where most significant resonances are found. This
structure is related to the step order which is indicated at left of main picture in Figs. 2 and 4. For the
conventional junction in Fig. 2, the wings follow a “Bessel function behavior” like in small junction. In
Figs. 3, 4 and 6, the presence of faceting generates two ‘sub-wings’ structures in the central part of the
pattern, which arise from the critical current pattern maxima and show maxima shifting toward lower
magnetic fields.

2. ZFS for k < N. In Figs. 3, 4 and 6, structures occurring near zero field could be identified as the
equivalent of ZFS in conventional junctions, i.e., dynamics on these resonances is dominated by (free)
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Fig. 6 2D plot of dV /dI as function of current and magnetic field for perfect faceting and « = 0.2,/ = 5Sand N = 5, 6. The
arrows indicate the semifluxon configurations in the junction

fluxon propagation, as we will show below. As general rule, it is observed that for even N, e.g., N = 2,4
in Figs. 3 and 6b, the pattern of k odd steps will show a finite ZFS. This is different from conventional
systems where the ZFS’s are present only for even k. In faceted junction with even N, we do not observe
ZFS for even k in our simulations. ZFS resonances give rise to complex pattern for higher N. In Fig. 6 for
N =5, 6, the ‘sub-wings’ cross at the order k = N — 1 where a large ZFS step is observed. In Fig. 6, they
appear at the orders k = 4 (ZFS2) and k = 5 (ZFS5/2), respectively. It emerges that when the number
of semifluxons (N — 1) matches the number of fluxons (k), a strong enhancement of resonant dynamics
occurs.

3. Zero field step resonances (ZFS) for k > N. From Figs. 3, 4 and 6, it is evident that we can also find
ZFS resonances at order k > N. In conventional systems at larger voltages, ZFS resonances are never
present [47]. A direct observation of phase dynamics shows that it is similar to standing wave configurations.
In other terms, localized semifluxons generate a magnetic field which influences the ZFS dynamics making
it more similar to a FS dynamics in conventional systems, which is in between the pure solitonic dynamics
and Kulik standing wave approach. Indeed, ZFS structures exist also for k > N [48], but they are faint
and of small amplitude. In this case, the phase dynamics is found to be identical to a cavity mode pattern,
so these structures correspond to Fiske step in Kulik theory.

Though highest order steps are easily visible in the global 2d plot in Figs. 3 and 4, the lowest order step
are often hidden by the critical current pattern. When possible, we report the lowest k resonance pattern which
is stable, over the chosen magnetic field range, in the bottom inset of Figs. 3 and 4 [49].

3.3 Resonances dynamics

In the following subsections, we describe the inner phase dynamics for some of the lowest resonances and for
the lowest values of N. All subsequent outcomes are consistent with the intuitive idea that in the presence of
semifluxons, the behavior of the unconventional junction is “shifted” by an half-flux quantum. On the other
hand, the presence of localized magnetic field moments, due to semifluxons, favors the presence of e.m. cavity
modes because the local field of semifluxons behaves as an external field. In the presence of faceting, cavity
modes can occur also at magnetic fields below the Tinkham field n = 2, especially for high values of k when
the junction is unable to support solitonic propagation. This observation explains the abovementioned presence
of ZFS for high values of k, which is not found in conventional junctions.
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Fig. 7 1-V characteristic for a conventional (a) and a N = 2 facets (b) junction with / = 5, « = 0.2 and zero magnetic field n

3.3.1 Zero field resonances for N = 2

The first three zero field resonances (ZFS’s) are reported for a conventional and a two facets junction (N = 2)
with [ = 5 and @ = 0.2, respectively, in Fig. 7a, b. Only three resonances appear for these values of / and of
the dissipation. The resonance voltage position of the two-faceted junction is lower, for it actually corresponds
to odd values of k. Indeed, we find V3 ~ 1.26 and V4 =~ 2.49 for the first two resonances in Fig. 7a, and
Vi 2~ 0.63 and V, ~ 1.85 in Fig. 7b. Thus, in faceted junction, the zero field resonances appear at the Fiske
step odd position ZFSk/2.

In conventional hysteretical junction, the ZFS are large well-defined resonances corresponding to free
motion of one or more fluxons back and forth in the junction. The largest resonance is ZFS1 (k = 2) which is
about 70 % of critical current in this simulation. In the faceted junction, the largest step of about 45 % of the
critical current is found for order k = 3 (ZFS3/2). This step in Fig. 7b appears clearly splitted in two branches
each corresponding to different dynamical states: S (Standing) bottom branch and F (Fluxon) top branch.

On the ZFS1/2 (k = 1), the dynamics reduces to simple flips of central semifluxon making phase advance
of 2m for period, by emission of fluxons—antifluxons which are annihilated at the boundary. Next, orders
(k > 1) for (F) top branches can be viewed as the superposition of this flip dynamics with fluxons—antifluxons
annihilated at boundary with propagating fluxons reflected at boundary.

In Fig. 8a, a simulation of ZFS3/2 dynamics is shown by a 2d plot of the voltage ¢, (x, t) as function of x
and ¢. The dynamics at ¥ = 0.73 (F branch) is due to the propagation of a single fluxon going back and forth
in the junction. At this order, ZFS do not exist in conventional junction (N = 1), so the observed dynamics
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Fig. 8 Simulated resonant dynamics for N = 2, [/ = 5 and « = 0.2. The 2d plot shows the voltage V (x, ) = ¢;(x,7) as a
function of space, x, and time, #, in the junction, darker gray corresponds to highest voltages; in all cases, the insets with [-V
characteristics to the right show with an arrow the point on step where the simulation was made: a k = 3 resonance (ZFS3/2)
higher part at y = 0.73; b k = 3 resonance (ZFS3/2) lower part at y = 043; ¢ k = 2 resonance (FS2)aty = 0.49and n = 1.8

should be considered as a new dynamical solution, which involves, in addition to fluxon dynamics, successive
flips of the semifluxon in the center of the junction [23]. The solution is similar to the conventional ZFS fluxon
propagation, which carries a 4 increase in the phase, and two semifluxon flips per period, which contribute
with an additional rotation of 27 to obtain a 67 increase of the phase.
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A similar dynamics is also observed on the step of the order k = 5, the so-called ZFS5/2. The required
phase sweep of 107z is due to the addition of a propagating fluxon—antifluxon pair, which gives an 8z plus
another 277 from two semifluxon flips per period. The 27 rotation is triggered by the pair virtual annihilation
at the center which occurs twice per period.

In Fig. 8b, we report again the dynamics as 2d plot of ¢, (x, t) on the k = 3 resonance but at y = 0.43
over the S branch of the I-V curve (see Fig. 7b). Alternating between two boundaries, the phase difference
increases of about 37 ~ 9 for each semiperiod (k = 3). Fluxons again propagate from and to the boundaries,
but the semifluxon acts as a reflecting boundary for the fluxon at the center. A flip of semifluxon occurs for
each reflection, so in the complete period we again have an increase of 4w + 2. Here, the dynamics is
more static, i.e., more similar to a “standing” wave, because the bias current is too low to drive the fluxon
through the semifluxon singularity in the middle of junction. The dynamics is similar to ZFS1/2, but the
entrance of fluxons—antifluxons in the junction occurs at a rate twice faster than the £ = 1 resonance. A similar
mechanism is described in [25], but without a truly resonant behavior, for the higher dissipation produces
a random input of fluxons. Here, the dynamics is clearly resonant, and the propagation of fluxon strongly
interacts with the localized semifluxon. The coexistence of different resonant dynamics in the same resonance
has been previously observed in the presence of a magnetic field [31], and here for the first time, we observe it
at zero magnetic field. In simulations, we have found the two separated branches for any length between/ = 1
and / = 8 and for dissipation below « ~ 0.3.

3.3.2 Resonances at finite magnetic field for N = 2

The magnetic field patterns of the &k = 1 and k = 3 (F branch) resonances are given in the bottom inset of
Fig. 3 as sharp peaks [48]. The k = 3 (F branch) resonance is also visible behind the critical current pattern
as a peak in the main 2d plot. The behavior of these resonances is compatible with a “pure” bidirectional
solitonic dynamics surviving for very low fields as in conventional systems [31]. In fact, for higher magnetic
fields |n| > 0.6, only small standing wave Fiske steps remain. The structure of numerically simulated patterns
is similar to the analytical approach [36,48], but the lobe amplitudes are different due to nonlinear effects in
Eq. (1), which are not included in the linear cavity modes theory of the Kulik approach for long junctions.

The k = 3 (F branch) resonance (red circles) merges with the k = 3 (S branch) resonance (green circles)
at a low field |n| >~ 0.4. We observe that the k = 3 (S branch) pattern shows a minimum at zero field. The two
maxima occur at || ~ 1.3. The presence of the maxima can be related to the magnetic field generated by the
semifluxon in the middle of the junction, similar to what happens in the case of ZFS1 (k = 2) for N = 2, as
described below.

In Fig. 8c, the dynamics for the same junction is shown as a 2d plot of V (x, ¢) in presence of a magnetic
field n = 1.8. We observe an apparently symmetric solution more similar to a ZFS where two fluxons travel
back and forth in the junction. Anyway, the total increase of the phase along a period is 4, so the resonance
is actually in ZFS1 position.

This is different from conventional junction where a one-directional fluxon motion is present due to the
boundary magnetic field. Indeed, the presence of semifluxons in magnetic field could determine situations with
zero or very low field gradient. In these conditions, fluxons can travel freely as in the ZFS dynamics and can be
reflected at boundary rather than annihilated as in conventional one-directional FS dynamics. The semifluxon
provides an alternating magnetic field, and the summing of its field to the external field is responsible for a
“field gradient cancellation”.

To cancel the field gradient, the semifluxons should amount to the equivalent field magnetic moment. A
rough analysis can be made by representing the boundary magnetic field as ({) - - - (1). The arrows here do not
represent necessarily a half flux quantum ®¢/2, for the magnetic field is variable. In between the boundaries,
we can add localized semifluxons 1 or | and propagating fluxons 1} (anti-fluxons }). These last by convention
propagate to the left (right) due to bias current drive and are repelled by equal polarity moments and attracted
by opposite polarity moments. In a resistive state dynamics, an underlying phase uniform velocity can add to
localized moments. All this sum up in the junction resulting in a complex dynamics.

In conventional junctions, the FS dynamics is represented by asymmetric propagation of fluxon 1 to the
left, and this occurs because the bias current adds to the external field making possible the penetration of fluxon
toward the right end. Then, the bias current will be responsible to drive it toward the left end. Conventional
dynamics is represented by (}) f (1). The ) fluxon is annihilated and not reflected at the left boundary
because reflection is inhibited by low values of local field generated by the different signs of bias current and
the external field.
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In the N = 2 faceted junction, the dynamics can be represented at a given time by () |11 (1), and the
1t fluxon propagates to the left (almost) freely, because the semifluxon and the field at the right boundary have
the same polarity (gradient cancels). At the same time, a back-reflected anti-fluxon |} propagates to the right
in the left facet. After the semifluxon flips and fluxons are reflected at the facets boundary, the configuration
changes in ({) 14 (1); the {} continue (almost) freely to the left and a back-reflected |} is created in the
right facet. In the Fig. 8c, the propagation of fluxon {} appears to be continue through the facet boundary and
a well-defined voltage peak. On the contrary, the || anti-fluxon shows a less-defined voltage peak. The phase
increase remains limited to 47 just because |} annihilate before to reach the boundary.

This is confirmed by a similar dynamics encountered on the lower part of the £ = 2 resonance 0.31 <
y < 0.37. This dynamics is incoherent, i.e., back-reflected anti-fluxons from the unfavorable left boundary
sometimes did not occur and the dynamics is sometimes one-directional as in conventional FS.

3.3.3 Resonances for N > 2

For N odd, e.g., N = 3 (Fig. 4), the opposite happens: There are no ZFSs for odd k. A deep minimum is
present in these cases (cfr. Fig. 4 lower inset), and it is likely that there is no free fluxon propagation. For even
k, a maximum of the pattern is found as in conventional systems [50].

When the number of facets increases to N = 3, we find a dynamics which is similar to the previous case.
For example, we consider the step of k = 2 order (ZFS1), whose dynamics represented a 2d plot of V (x, ?),
is shown in Fig. 9a. The dynamics can be schematized as: (1) fluxons propagate from boundary; (2) a large
phase oscillation (breather) is generated in the central facet; (3) finally, the two fluxons emerge and propagate
toward the boundary. A direct analysis reveals two semifluxons, which are oscillating from 1| to |1 as itis
shown in the lower inset of Fig. 9a. This process gives a 47 increase of the phase per period, exactly what
is needed for the k = 2 resonance. In terms of magnetization, the original configuration can be represented
as 14, which turns into | (Y1) 1 and | () 1, where the parenthesis indicates the breather formed by
fluxon—antifluxon pair in the central facet and ends after the semifluxon polarity is restored with 1] {.

The most peculiar solution is found in presence of a magnetic field. The resonance k = 2 shows a symmetric
fluxon dynamics practically similar to the ZFS 1 dynamics in conventional junctions (see Fig. 9b). This solution
is fully explained by “field gradient cancellation.” Semifluxons are now adapting to the external field to cancel
the field gradient in order to permit a symmetric propagation of fluxon for such large magnetic field n = 1.8.
We have, for example: (|) {J 71 (1) where |} represents the propagating anti-fluxon going toward the right. In
the next facet, the configuration changes in: (|) 11 (1). Finally, in the last facet: (|) {1t{ (1) with again
a gradient cancelation given by the 1 semifluxon. This dynamics is not observed for N = 2 (Fig. 8c) because
in that case symmetry requires two fluxons interacting with a single semifluxon. Therefore, in that case, the
back-reflected anti-fluxon |} is annihilated because it is unable to complete the back and forth cycle.

Asinthe N = 2 case, the phase dynamics on the other resonances at zero field is similar. The dynamics on
the large k = 5 resonance in presence of external field n = 1.8 is shown in Fig. 9c. These solutions resemble
cavity modes because the / = 5 junction is too short to “accommodate a complex dynamics” and propagation
of fluxons is practically not observed for higher orders. The voltage (or magnetic field) rather presents an
oscillating peak in which fluxon and semifluxon modes are mixed.

3.4 Effect of temperature

The effect of the temperature on resonances is reported in Fig. 10 in zero magnetic field, which represents the
thermodynamical maximum amplitude of resonances in the phase space (1, T') for a junction with Iy = 1 A.
As it is shown in (a) and (b) for N = 2 and N = 3 facets, respectively, the amplitude of F-resonances rapidly
decrease in temperature so that at about 7 >~ 1.8 K all F-resonances completely disappear. The £ = 1 resonance
for N = 2 disappears at T = 1.2 K. On the other hand, traces of faint S-resonances remain at very small
steps until 7 = 3.0 K and beyond. This behavior is consistent with observed small stability range of ZFS and
in general of fluxon propagation in magnetic field; indeed, when a magnetic field is applied in conventional
systems, amplitude of the ZFS is strongly reduced and goes to zero well before Tinkham field. This behavior
is observed here for all F-resonances, which disappear for very small magnetic fields n ~ 0.2.
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Fig. 9 Simulated resonant dynamics for N = 3/ = 5 and « = 0.2. The 2d plot shows the voltage V (x, ) = ¢;(x, t) as function
of space and time in the junction, darker gray corresponds to highest voltages; in all cases, the insets with the I-V characteristics
at right show with an arrow the point on step where simulation was made: a k = 2 resonance (ZFS1) at y = 0.6; b k = 2
resonance (FS2) at y = 0.6 and n = 1.8; ¢ k = 5 resonance (FS5) at y = 0.75 and n = 1.8. The lower inset near a shows the
local field at semifluxon positions for the same times of 2d plot
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Fig. 10 Effect of temperature on the resonance amplitude A/ (normalized to critical current) for 7' varying from 0.3 to 3.0K for:
a N = 2 facets junction with / = 5, « = 0.2 and zero magnetic field n; b N = 3 facets junction with / = 5, « = 0.2 and zero
magnetic field 7. Resonances are indicated by index k on all plots

4 Measurements on grain boundary YBCO Josephson junctions

Until now, Josephson junctions have been successfully applied to voltage standard devices [51], SQUID
magnetic sensors [52] and integrated microwave detectors and generators [53,54]. The unconventional d-
wave order parameter symmetry (OPS) still remains one of the unique superconducting features of HTS [55],
with significant implications both for the study of fundamental issues and for innovative applications [56].
After the first pioneering experiments [57,58], all the following ones employing junctions basically confirmed
the prevalence of a d-wave OPS and envisaged some novel and intriguing physics of the Josephson systems
[27,28].

For grain boundary junctions, the phenomenology is deeply influenced by the type of microstructure, which
through the presence of different kinds of impurities and imperfections, including the meandering of the grain
boundary line, may also mask an intrinsic d-wave effects [27,28]. Even if not ideal, there are some examples
of high-quality HTS junctions and films, which on one hand allows the realization of working devices such
as SQUIDs [28] and, on the other hand, have been used to prove macroscopic quantum effects [44,45,59-61]
and fast femtosecond phenomena on bilayers [62].

Here, we point our attention, in particular, to the variety of resonant modes, determined by both the low
dissipation and a d-wave order parameter in presence of a faceted grain boundary interface. Faceting can be
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Fig. 11 2D plot of experimental dV /dI as function of current and magnetic field for the “corner” YBayCuzO7_, biepitaxial
junction sketched in the fop inset; the junction will have @ ~ 1 and/ ~ 6. The measurements temperature was 7" = 0.3 K. Among
steps recognizable above the critical current pattern are some external L C resonances due to kinetic inductance and a well-marked
large ZFS which behavior is affine to Eck singularities in ordinary junctions. In the lower inset, we report the negative bias current
pattern to check point symmetry against potential trapped flux

“artificial,” realized with an opportune shape of the seed layer, or intrinsic, due to microfaceting along the
junction GB.

All samples were prepared by the bi-epitaxial technique described in detail in [26,29,63,64]. Briefly,
a 30nm-thick seed layer of CeO, (CeO) was deposited on a (110) oriented STO substrate by pulsed laser
deposition (PLD). The seed layer was patterned using direct e-beam lithography and Ar™ ion etching through
an amorphous carbon, (a-carbon), mask. The residual a-carbon was removed by low-power oxygen plasma
etching, and a 100 nm-thick layer of YBCO was deposited by PLD. The YBCO grows following the (103)
orientation on the substrate and the (001) one on the seed layer. A GB is thereby created where the orientations
meet. Additionally, the (001) grains are rotated of 45° the c-axis with respect to the (103) ones. This additional
rotation reflects on the order parameter. Gold contact pads are made in another lithography step, and finally, the
YBCO is patterned using direct e-beam lithography and Ar™ ion etching through an a-carbon mask. Sketches
of the samples are shown in the SEM pictures reported in the insets of Figs. 11 and 12. In Fig. 11, an artificial
two facets corner junction is seen with a GB angle of & = 15°. One can clearly identify the two facets of the
junction. Both facets have a length of 5 m each, so total physical length is L = 10 wm. The right facet has
an intrinsic phase shift of r, which is induced by the transport across the interface from a+ to a— lobe of the
order parameter. Instead, the left facet has zero intrinsic phase shift because the order parameters in the two
electrodes have the same sign in direction normal to the interface. In Fig. 12, a submicron single facet junction
with L = 0.8 pm and a GB angle of & = 50° is reported.

The measurements have been performed in an Oxford Heliox VL 3He refrigerator. The cryostat is magnet-
ically shielded. The current—voltage characteristics of the sample have been recorded in a four-point configu-
ration. An external magnetic field (parallel to the sample surface normal) is applied to the sample by feeding
a dc current through a superconducting coil surrounding the sample.

The experimental complete magnetic field pattern of biepitaxial corner junction is reported in Fig. 11 a 2D
plot of dynamical resistance R;. The data appear very similar to simulated N = 2 facets reported in Fig. 3.
From the critical current of Iy ~ 120 A, a Josephson penetration depth Ay of about 2.1 wm is found. The
normalized length is [ >~ 4.8 [65].

Behind the critical current pattern, several resonances are observed in Ry plot. Small resonances at finite
field, H ~ 90 and 250 mG, are likely due to junction coupling to a kinetic inductance LC-circuit [79]. These
resonances appear at small voltages under 100 wV and are compatible with LC frequencies.

A well-marked resonance is present at zero field with a magnetic field pattern pretty close to the numerical
results of Fig. 3. Due to high value of the product «/ ~ 5 (dissipation @ ~ 1 for this junction), the resonance



G. Rotoli et al.

(001)YBCO
i

I[uA]

121 | =01 \
00 . , . 6 1‘«%’3 f?

' ! —40 =20 0 20 40

0.0 0.3 0.6 0.9 1oH [mT]
V [mV]

Fig. 12 Some I-V characteristics for a submicron (0.8 jum) in zero magnetic field YBayCu3O7_, biepitaxial junction sketched
in the fop inset. The junction estimated parameters are o« ~ 0.4 and / ~ 3.8. The measurement temperatures are reported in the
legend. The experimental critical current magnetic field pattern is shown in the lower inset with full black dots. The simulated
pattern (red/yellow dots) is obtained with an asymmetric faceting with N = 2, « = 0.4 and [ = 5 with facets length a; = 2.7
and ax = 2.3 (color figure online)

appears as a broad coalescence of magnetic field modes. The resonance extends over the voltage range 200—
400 V.

A submicron junction has been realized with a single facet, even if the presence of a random submicron
faceting cannot be excluded. I-V characteristics from the submicron junction are reported in Fig. 12. Resonance
in zero field is clearly visible implying that dissipation levels are below some threshold value and that comparing
with numerically we can estimate of the order of &« ~ 0.4. Moreover, the resonance structure is very similar
to Fig. 7b at zero field: In particular, lowest resonances appear splitted in a top (F) and a lower branch (S) as
described in Sect. 3.3.1. Higher dissipation will make resonances more stable in temperature, but much more
smaller than the simulated ones at « = 0.25 (at T = 5 K resonance widths are less than 5 % of critical current).
The hysteresis loop between (F) and (S) branches is not visible at this dissipation level.

The critical current magnetic field pattern, shown in the lower right corner of Fig. 12 (black dots), is
compatible with an asymmetric N = 2 facets. A central depression of critical current is suggestive of possible
presence of a “flip” lines in the middle. We show also (red/yellow dots) a simulated pattern obtained with only
two asymmetric facets, a; = 2.7 and a; = 2.3 for a total length of / = 5 and o = 0.4. The simulated pattern
is very close to the experimental one reproducing its main features.

Here, the measurement at 7 = 0.3K gives I, = 15.9 pA. In presence of semifluxons, the total Josephson
current is reduced by a factor depending on numbers of facets in the junction, and this could vary between
70 (two facets) and 15% (many random facets). Therefore, an estimated Josephson current ranging from
Iy >~ 22.7 to 106 LA can be estimated with a Josephson length of A; ~ 210—454nm (for a London length
of about A7 ~ 900nm, which is compatible with a 50° junction [29]). These values are consistent with a
maximum value of [ = 3.8 and therefore not far from the parameters used in the simulations of the pattern
and -V curves of Fig. 12. The ~25 % difference in normalized length can be attributed to following factors:
(1) lacking of an exact knowledge of the current distributions in the junction; (2) errors in the exact value of
London length; (3) the exact 3D structure of the barrier is not known, and therefore, we do not have a reliable
estimate of “effective” junction width w. We believe that recent advances in the fabrication and understanding
of GB JJs will provide additional test benches also for resonant modes for these types of d-wave devices. On
one hand, there is the possibility to change the capacity and the dissipation of the GB junctions by replacing
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the STO with a LSAT substrate [59,60]. On the other hand, the possibilities for a further shrinking of the size
of the junction in the deep submicron regime [26,61,79] seem more concrete, also pushed by the capability of
realizing high-quality YBCO nanowires [66—68].

Finally, the faceted Sine—Gordon system considered here could have possible implications and use in the
description of new devices called nanomechanical transistors [69]. Their working principle is based on the
coupling of mechanical vibration of a nanopillar or a nanograin within a gap between two electrodes. The
mechanical motion permits to transfer electrical charge between the two electrodes because of a quantum
tunneling effect, and complex electro-mechanical phenomena arise [70,71]. Sine-Gordon model could be
useful in the description of the system.

5 Conclusion

We have numerically simulated PSG equation representative of long faceted Josephson junctions and calculated
the pattern of both the critical current and of the lower-order resonances appearing in the I-V characteristics.
Some of these resonances show a nontrivial dynamics due to the interaction of propagating fluxons with
localized semifluxons. Numerical outcomes have been compared with experimental data on YBCO biepitaxial
JJs, prepared to have a low number of facets and relatively low dissipation levels when compared with all HTS
JJs. The main results coming out from our analysis can be resumed as follows.

We found critical current patterns composed by different overlapping lobes due to the presence of different
stable semifluxon distributions along the junction. Therefore, in the case of intermediate length junction, “flip”
lines can separate different static configurations. The flip lines correspond to the flip of some semifluxons driving
the junction in a different static configuration. This “dynamics” between static configurations, previously
analyzed also in the work of Goldobin et al. [18], can also drive the junction to the resistive state when the
dissipation is low. In short junctions, these configurations can be also identified by Eq. (2) (see Refs. [19,20]),
but this model does not give information on the stability of semifluxons configuration, and it is not possible to
predict the pattern and the position of flip lines. The actual pattern will depend on the initial configuration of
the semifluxons in the junction.

Resonance patterns present a rich phenomenology with interplay between propagating and cavity modes
solutions. The exact boundary between the two types of dynamics is not exactly defined, mainly because the
Tinkham field is sometimes exceeded by the field generated by the semifluxons. Therefore, cavity modes can
exist also at very low or zero magnetic field.

Thus, standing wave patterns (Fiske step) also appear at zero field for the lowest orders, and their dynamics
is found in competition with zero field fluxon propagation [23,48]. In intermediate length junctions [ ~ 5,
the interaction between fluxons and semifluxons is observed also at relatively low dissipation (¢ < 0.2).
This interaction has two main consequences: (1) fluxons can be absorbed and/or reflected by semifluxons
giving rise to a shift in the phase increase per period, which is the dynamical signature of wr-shift, and this
implies the presence of ZFS for odd values of k; (2) a semifluxon can add its field to the external field (or
to other semifluxons) decreasing the field gradient, which is responsible for FS asymmetric dynamics. As a
consequence, an almost symmetric phase dynamics can take place at finite magnetic field.

Nonlinear effects in the reflection from semifluxons can be compared with other nonlinear model reflections
from a stress region [72—74]. Varying continuously the amplitude of phase difference generates a magnetic
interface between two facets in which energy is proportional to square gradient of phase, i.e., the local magnetic
field, which is similar to higher gradient theories in continuous mechanics [75]. On the other hand, there are
many problems in which nonlinear electrical transmission lines coupled between them [76] or to mechanical
elements [77,78] show an analog complex behavior.

Measurements on YBCO biepitaxial junction show many of the predicted features emerging from the
simulations. In the case of artificial “corner” biepitaxial junctions (Fig. 11), high dissipation « ~ 1 resonances
appear as a large step, (all smaller resonances are due to LC coupling [79]). Several resonances in the exper-
iments appear at both zero and finite magnetic field in submicron low dissipation “single” facet biepitaxial
junctions (Fig. 12). Intrinsic submicron faceting can explain both the structure of resonances and the critical
current magnetic field pattern.
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