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Abstract

We carry out experimental and theoretical investigations into the effect of the vortex chain
propagation on the current—voltage characteristics of YBa,Cu3;0;_s (YBCO) long Josephson
junctions. Samples of YBCO Josephson junctions, fabricated on 24° [001]-tilt bicrystal
substrates, have been measured. The improved technology has allowed us to observe and study
the asymmetry of the current—voltage characteristics with opposite magnetic fields (Revin et al
2012 J. Appl. Phys. 114 243903), which we believe occurs due to anisotropy of bicrystal
substrates (Kupriyanov et al (2013 JETP Lett. 95 289)). Specifically, we examine the flux—flow
resonant steps versus the external magnetic field, and study the differential resistance and its
relation to oscillation power for opposite directions of vortex propagation.

Keywords: YBaCuO Josephson junction, anisotropic high-7, grain boundary, flux—flow regime,
sine-Gordon equation

(Some figures may appear in colour only in the online journal)

1. Introduction

Josephson junctions serve as a suitable media for the study of
various soliton dynamics in nonlinear spatially extended
systems [1, 2]. Depending on the initial state and external
magnetic field various single and multisoliton regimes can be
realized in a long Josephson junction [1-3]. While these
regimes are now considered to be generally described and
understood, recently it has been predicted [4] that in high-
temperature junctions, fabricated on bicrystal substrates, a
certain asymmetry of flowing currents can appear due to
crystallographic anisotropy that can affect the soliton
dynamics. The appearance of asymmetry in high-7,. super-
conducting materials with anisotropic pairing, like cuprates,
has been extensively studied from experimental and theor-
etical points of view. In [5, 6] the inhomogeneity of the cri-
tical current density due to the film growth was shown. The
strong asymmetry in the displaced linear slope of the YBCO
step-edge Josephson junctions was experimentally observed
in [7]. In our recent paper [8] we have demonstrated that this
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anisotropy can be observed both experimentally and theore-
tically as the asymmetry of flux—flow steps of current—voltage
characteristics (IVCs), but the sample quality at the time did
not allow the study of this effect in detail. The investigation of
traveling wave (flux—flow) regimes arising in long Josephson
junctions is a subject of practical interest for the construction
of effective THz sources. In a long junction the mode of dense
soliton (fluxon) chain propagation may occur at rather large
external magnetic fields in which fluxons are created at one
edge of the junction, move along the junction, and are con-
verted into radiation outside the other edge. When the fluxon
velocity u approaches the electro-magnetic wave phase
velocity ¢, the current—voltage (IV) characteristic will show a
current step. This step, often referred as VM step (velocity
matching or the flux—flow step), has been observed experi-
mentally [9-14] and theoretically [15-21] mostly for low-T,.
Josephson junctions. For high-7, Josephson junctions there
are only a few works about this regime [22-25], and VM
steps were not studied for opposite magnetic field signs,
assuming symmetric behavior as for short junctions. In a

© 2018 IOP Publishing Ltd  Printed in the UK
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recent paper [26], the enhancement and asymmetry of VM
steps have been shown in a parallel YBCO chain with arti-
ficially designed ratched potential.

The aim of this paper is the experimental observation of
the asymmetry of flux—flow (velocity-matching) steps for
opposite magnetic field directions in the long YBCO grain-
boundary junctions (GBJs) and to draw attention to the
importance of systematic study of this asymmetry.

2. Experimental setup and theoretical model

The GBJs were fabricated by on-axis dc magnetron sputtering
[27] of YBa,Cuz0;_ thin films on the surface of symmetric
24° (£12°) [001]-tilt Zr;_, Y,O, bicrystal substrates. The
length of the junctions L along the grain boundary varied
from 10 to 350 um. To obtain better characteristics we have
improved the technology and deposited thicker structures
of 0.6 yum in comparison with the previous samples [8]. In
this case we have obtained a significant increase of critical
current density values in the range 93-230 kA cm 2 and the
IR, product in the range 0.8-1.96 mV for 7 = 6 K. The
junctions were very long since their lengths are much larger
than the Josephson penetration depth \; = /®/2mpyJ.d) =
0.6 — 0.9 um (T ~ 6K), which determines the size of a
fluxon in the junction.

The magnetic field B, perpendicular to the grain bound-
ary was produced by a current through a copper wire coil,
with an inner diameter more than order of magnitude larger
than the junction length. Since the junction was placed pre-
cisely into the center of the coil, it was assumed that the
magnetic field along the junction was nearly uniform. Addi-
tional copper heat sinks for the coil were used to prevent
heating from the sample at large magnetic fields, and to
minimize the bias current overheating, two methods of wire
attachment were tried: the bonding of thin wires to the sample
and the glueing wires (thicker than in the first case) with silver
paste. The second method provides a larger contact area,
smaller contact resistance and, therefore, reduces the sample
overheating.

The samples were mounted into a pulse tube cryostat and
characterized with a precise low-noise current source by
standard four-probe technique.

Theoretical analysis was based on the sine-Gordon
equation [8]

(btt + a¢t - ¢xx = ﬂ¢xxt + 77(x) — sin ¢a (1)

with dimensionless space and time (normalized to the
Josephson length and inverse plasma frequency, respec-
tively), junction length /, normalized bias current distribution
7(x), damping « and surface loss 3 parameters. The boundary
conditions have the form

(15(0’ t)x + 5(25(0, t)xz =T,
¢(l’ t)x + ﬁ(b(l’ t)xt = F
Here I' = H,/(\ 4J.) is the normalized magnetic field.

While the use of the sine-Gordon equation for modeling
of YBCO GBIJs is still an open question [28], due to e.g.

Figure 1. Schematic representation of the fluxon motion along a
grain boundary with a nonuniform distribution of the current density
n(x). Left: accelerating motion of the fluxon from the right to the left
boundary with a positive magnetic field B,. Right: braking motion of
the fluxon from the left to the right boundary with a negative
magnetic field B,.

nonsinusoidal current—phase relation [29], detailed invest-
igation of I.(¢p) for 24° GBJs demonstrated its sinusoidal
character [30], and for 32° GBJs the considered model has
been successfully used [22].

In the above model (1) we have assumed a nonuniform
current distribution 7(x) due to the GBJ anisotropy [4] with
the decay law ~exp(—px) (see the inset of figure 4 in [8]).
The computer simulations of the sine-Gordon equation are
performed for the following parameters: G = 0.1, « from 1 to
1.5 and junction length [ = 70.

In figure 1 the schematic designation of the described
model is presented. Opposite directions of the magnetic field
with the same sign of the bias current lead to the opposite
directions of fluxon chain motion along the junction. For the
positive B,, fluxons start to move from the right end with the
lower bias current and accelerate under the action of the
Lorentz force to the output end, see figure 5 in [31]. In the
case of negative B,, the fluxons are forced to enter, but are not
removed effectively.

3. Results and discussion

In [8] long junctions with length L = 350 um were studied.
In the present paper we show that due to improved technology
and larger critical currents, the asymmetry of current—voltage
characteristics can be visible even for much shorter junctions
with length L = 50 um. Such a junction is long in compar-
ison with the Josephson length (about 70 )\;), because we
assume that the anisotropy effect we consider for the [001]-tilt
GB is rather weak [4] and the corresponding bias current
asymmetry can be detected for long junctions only. Figure 2
(left) shows the experimental IV curves for various values of
external magnetic field B,. We observe field dependent,
resonant steps, whose smooth peaks are indicated with arrows
(see figure 2). These typical branches are the results of con-
tinuous penetration of fluxons from one edge of the junction
and propagation to the other [12, 22]. It should be noted that
in comparison with Nb junctions [19], for YBCO structures it
is rather difficult to distinguish between various step types,
such as displaced linear slopes, Fiske steps and VM steps, due
to large damping. However, from figure 2 (right) it can be
clearly seen that for one magnetic field direction (negative
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Figure 2. Magnetic field response of bicrystal junction L = 50 pm at
T = 6 K. The maximum heights of the flux—flow steps are indicated
with arrows. Left: the experimental /V curves correspond to
increasing external magnetic field B,. Right: the experimental IV
curves correspond to the opposite magnetic field directions.

coil current) the VM step is shifted towards the larger voltage
and has another slope in comparison with the other direction
(positive coil current).

An array of fluxons travels in the junction with phase
velocity u = V;./(duoH,) [22], where V,. is the average
voltage across the junction, H, is the external magnetic field
applied in the direction perpendicular to the grain boundary
and d is the effective magnetic thickness of the barrier. The
voltage corresponding to the top of the flux—flow step in the
IV characteristic (arrows in figure 2) is determined by the VM
condition: the velocity u approaches the Swihart velocity ¢
and, hence, V,,, = ¢djyH, = ¢dB,. In the literature it is also
taken into account that a possible magnetic self-field and the
focusing effect of the external magnetic field [32] could make
V,m larger. In particular, in [26], VM steps were enhanced due
to the use of a discrete parallel array, which leads to the
appearance of Cherenkov tails of solitons, interacting with
neighbors and synchronizing the soliton chain motion [33],
and the ratchet potential, making distinct asymmetry for the
direction of soliton motion. In this paper, we study another
cause which leads to a shift of the step height V,,,, maximum.
We show that such a shift occurs due to bias current asym-
metry, which we believe is associated with the crystal-
lographic anisotropy of bicrystal substrates and hence the
asymmetric current flow. The reason is that the regime of
fluxon motion from one side to another is expressed more
strongly (as a more pronounced VM step) than the regime of
motion in the opposite direction. Such a bias current asym-
metry can also be due to some random bias current asym-
metry for long junctions, but we have observed rather
systematic VM step asymmetry for various samples.

The voltage V,,, versus the external field for different
directions of the fluxon propagation is presented in figure 3.
Opposite directions of the magnetic field with the fixed bias
current (or the equivalent situation of a fixed magnetic field
and oppositely directed current) lead to a different direction of
fluxon motion along the junction. In figure 3 (left) the voltage
step location |V,,,| versus |B,| is plotted for both cases. It is
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Figure 3. Voltage step depending on magnetic field for bicrystal
junction L = 50 pum at T = 6 K, experiment (left) and theory (right).
Opposite directions of fluxon motion are presented.

seen that the dependencies are almost linear with slightly
different slopes. Here, the main feature is that the shift of the
voltage steps, which are formed by the motion of vortices in
one direction, occur at voltages lower than in the case of
vortices traveling in the other direction. This means that the
optimal generation frequency range, corresponding to VM
steps (dashed lines in figure 3), is different for opposite
directions of the magnetic field. It is seen that the model
characteristics with a = 1.5, [ = 70, p = 0.0005 confirm the
proposed explanation (figure 3, right). At the maximum
temperature of 40 K that we reached in our experiment, the
step for a positive magnetic field was still visible, while the
step for a negative magnetic field actually disappeared similar
to the observation in [26], but there this was at higher tem-
peratures above 77 K.

Another important characteristic of the studied resonance
steps is the differential resistance r, i.e. the slope of the IV
characteristics in the voltage range up to V,,, (figure 4, solid
curves with symbols, while IVCs are given by short dashed
curves). A similar characteristic has been used in [7, 34] to
describe the nonresonant fluxon motion with displaced linear
slopes appearing in IVCs. In these papers the step amplitude
has been plotted for various linear branches, which in our case
is equivalent to the plot of differential resistance for various
flux—flow branches. It is clearly seen that the sharp increase of
r, corresponds to the position of maximum heights of the
flux—flow steps marked V,,,,; and V,,,,,. While the IVCs look
continuous, there is in fact a jump from the V,,, step to the
ohmic part of the IVC, which is clearly visible at the differ-
ential resistance as its sudden change.

For the considered regime of a continuous flow of flux-
ons, the most suitable characteristic for the evaluation of
Josephson generation is the power P of radiation emitted from
the junction output edge. Theoretical analysis provides addi-
tional information about the radiation power (figure 5), which
is normalized to the Josephson power P; = Vf /Zo, where Z,
is the characteristic impedance of the junction. The left
graph of figure 5 shows the power and r, for different values
of the external magnetic field. It can be seen that the position
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Figure 4. Magnetic field response of bicrystal junction with

L =50 um at T = 6 K. Left: the experimental IV curves (dashed)
correspond to increased magnetic field B, = 0.17 G (blue with
diamonds); B, = 0.5 G (red with circles (left axis)). Right:
theoretical i versus v (dashed) for various normalized magnetic field
I' = 0.6 (blue with diamonds); I' = 1.6 (red with circles (left axis)).
Solid curves with symbols correspond to the differential resistance r,
(right axis), here symbols are shown for each three to four data
points.
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Figure 5. Differential resistance r, (solid curves with symbols) and
output power P (dashed curves with symbols). Left: curves for
various normalized magnetic field I' = 0.6 (blue with diamonds);
I' = 1.6 (red with circles). Right: curves for |[I'| = 1 and opposite
directions.

of the step (jump of r,) for higher magnetic fields is shifted
towards higher voltages with a change of the minimum
differential resistance. It is also clearly seen that the r,; jump
corresponds to the highest output power (v,,,; and v,,,» vol-
tages in figure 5, left). There is also an assertion about the
connection between the step slope (resistance r,) and the
value of electro-magnetic radiation (power P). For low-T,
Josephson junctions, it has been known that the slope of the
flux—flow steps influences the output power of generation
[12, 31], so for steeper slopes one expects more efficient
generation. In this view, enhanced VM steps of asymmetric
parallel arrays of [26] must lead to larger generation power.
The right graph of figure 5 shows the power and r, for
opposite directions of the external magnetic field with
|| = 1. Values of the minimum differential resistance as well

Experiment

21
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Figure 6. IVCs of the 50 um sample at 7 = 6 K for the external
magnetic field |B,| = 0.6 G without ac driving (dashed curves) and
under ac driving f = 72 GHz (solid curves). Positive B, is marked by
blue diamonds, and the negative by red circles.

as maximum power are almost identical for the two cases, but
the step positions are significantly shifted relative to each
other according to figure 3. Furthermore, it is seen that the
maximum power for the case of I' = —1 (red curves) does not
match the top of the flux—flow step v,,,.4, and corresponds to
the point below the top. Thus, from differential resistance r, it
is possible to make some predictions about the level of
electro-magnetic radiation of the junction, but with care. It is
known that the generation frequency is determined by the
voltage across the junction by the Josephson relation.
Therefore, if one wants to get the maximum of the output
power at the frequency f= 2ev,,;3/H, one needs to use
the regime of fluxon motion in one direction (figure 5, blue
curve with diamonds). If one is interested in the generation
frequency corresponding to the higher voltage v,,4, the
maximum radiation corresponds to the opposite fluxon
motion (figure 5, red curve with circles).

Another way to observe asymmetry of IVC is to inves-
tigate the response of Josephson junctions to the external
millimeter-wave radiation. Figure 6 shows the IVCs of a
50 um Josephson junction under the external magnetic field
|B.] = 0.6 G with (solid curves) or without (dashed curves) an
external signal of frequency F = 72 GHz. A clearly distin-
guishable difference in the amplitudes of the first Shapiro
steps (at the voltage around 0.15 mV) for opposite directions
of the magnetic field indicates different generation regimes
with different power at the frequency of the external signal.
Here, the Shapiro step amplitude at positive field B, = 0.6 G,
upper solid curve (blue with diamonds), is twice as large as at
the negative field B, = —0.6 G, lower solid curve (red with
circles). In contrast, at the second Shapiro step (at the voltage
below 0.3 mV), due to the change of the maximum of the VM
step, and the corresponding change of Josephson generation
amplitude, the Shapiro step is much larger at the negative
magnetic field than at the positive one. In this experiment we
were repeatedly switching the magnetic field (the current
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through the coil above the chip) without any change in
the external radiation load. Therefore, it is unlikely that the
structure receives different power for opposite signs of the
magnetic field, but from the general synchronization theory it
is known that the synchronization step height is proportional
to the product of the amplitudes of the master and slave
oscillators. Therefore, the Shapiro step spectroscopy is an
effective tool to find the maximum generation amplitude at
VM steps without any additional detector. The appearance of
multiple fractional Shapiro steps is explained in the literature
by either nonsinusoidal current—phase relation or by complex
soliton dynamics [35], but will be considered in detail
elsewere.

4. Conclusions

In conclusion, the experimental investigation of flux—flow
steps of IV characteristics of long symmetric 24° [001]-tilt
YBa,Cu30,_s bicrystal grain-boundary junctions has been
performed. The effect of the velocity-matching condition has
been observed and the strong asymmetry of VM steps has
been associated with the asymmetry of bias current distribu-
tion. We believe that such bias current asymmetry is due to
the anisotropy of the grain-boundary junction on bicrystal
substrate, first predicted in [4]. While such bias current
asymmetry can also happen as a certain random event for
long junctions due to grain-boundary inhomogeneities, we
think this effect is less probable due to our new data and
rather systematic behavior of the observed effect. However, to
fully resolve possible doubts, additional detailed investiga-
tions of bias current distribution using a scanning laser
method and detailed numerical investigations as in [4] are
required, as well as an increase of YBCO grain boundary
anisotropy by using underdoped samples. The relationship
between the slope of the flux—flow step and the power of the
radiation has been studied. It has been demonstrated that the
bias current asymmetry does not significantly affect the
maximum of the generated power, but allows tuning of the
optimal regime of generation by varying the sign of either
bias current or external magnetic field. Finally, significant
difference of Shapiro step heights at opposite magnetic fields
is another way to confirm the asymmetry of generation
regimes of YBCO long Josephson junctions.
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