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The current-voltage characteristics and critical current versus magnetic field dependence of long
24°1001]-tilt YBa,Cu307_; bicrystal grain-boundary junctions are studied both experimentally and
theoretically. For the opposite magnetic field directions, the flux-flow steps with significantly
different height and slope are observed. It is demonstrated that the most probable reason of this
discrepancy is recently predicted asymmetry of spatial bias current distribution due to
crystallographic anisotropy of bicrystal substrates [Kupriyanov et al., JETP Lett. 95, 289 (2012)].
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4856915]

. INTRODUCTION

The investigation of asymmetric regimes arising in
Josephson superconducting systems is of importance for var-
ious applications. An intriguing magnetic-field behavior of
critical current /.(H) has attracted a considerable interest
both in the low-T.'™ and high-T,>® Josephson junctions
(JJs). Recently, it was demonstrated’ that the asymmetry of
the magnetic differential pattern /.(H) in the inline low-T,
Josephson junctions can be attributed to the different elec-
trode inductances. The inhomogeneity of the critical current
density in the case of high-T,. superconducting materials with
anisotropic pairing, like cuprate superconductors, is the
result of the film growth on the bicrystal substrate.®® Unlike
the artificial creation of asymmetric spatial bias current dis-
tribution in low-T.. JJs using the unbiased tail for variation of
the emitted power and the linewidth,'®'* the natural asym-
metry of spatial current distribution in grain boundary junc-
tions (GBJs) due to crystallographic anisotropy of bicrystal
substrates has been recently predicted in Ref. 15.

The regime of magnetic vortex flow is interesting both
from fundamental and applied points of view, and was investi-
gated experimentally'®"® and theoretically''™'*?*2® mostly
for low-temperature Josephson junctions. For high-temperature
JJs, there are only a few works on GBJs**! in this regime.

The aim of this paper is the experimental observation of
the discrepancy of flux-flow (velocity-matching) steps for
the opposite magnetic field directions in the YBaCuO GBIJs
and the discussion of the possible reasons leading to occur-
rence of such discrepancy.

Il. EXPERIMENTAL RESULTS

The GBJs were fabricated by on-axis dc magnetron
sputtering32 of YBa,Cus07_;s thin films on the surface of
24°1001]-tilt Zr;_,Y,O, bicrystal substrates (Fig. 1). The
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length of the junctions [/ along the grain boundary was
350 um and the thickness was 0.3 um. The samples were
mounted into the pulse tube PT-410 cryostat and character-
ized with the precise low-noise current source by standard
4-probe technique. The junctions had resistively
shunted-junction like /-V curves at temperatures up to 80 K.
The junctions were very long since their lengths are much
larger  than  the  Josephson  penetration  depth
Jy = /Po/(2npgJ.d), which determines the size of a fluxon
in the junction. Here, @y is the magnetic flux quantum, g, is
the vacuum permeability, J. is the critical current density,
and d = t 4 2/ is the effective magnetic thickness with the
junction barrier thickness = 1.5nm and London penetration
depth 4, = 150nm. For a typical J.=50kA/cm? at ~6K,
the Josephson penetration depth was about 1.3 yum. The mag-
netic field perpendicular to the grain boundary was produced
by a current /-, through the copper wire coil, having the
inner diameter more than order of magnitude larger than the
junction length. Since the junction was placed precisely into
the coil center, it was assumed that the magnetic field along
the junction was nearly uniform.

In the inset of Fig. 2, the dependence of critical current
1. on the current through the coil I, is presented. As is
expected for a long grain boundary junction with the misor-
ientation angle 24°, I.(H) dependence has some distortions
and does not go down to zero with magnetic field
increase,® see also the second plot of Fig. 37 of Ref. 34.
The reasons are different defects, like high current paths, and
also a flux creep.

Figure 2 shows the /-V curves for various values of
applied magnetic field. Here, [ is the bias current through the
junction and Ry is the normal state resistance. We observe a
field dependent, resonant-like steps at the /-V curves. We
relate these steps to the flux-flow (velocity matching)
steps,”*! since they scale approximately linear on the
applied magnetic field, as it must.”” Due to high damping in
a GBJ, these steps are much less steep than those in long

© 2013 AIP Publishing LLC
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FIG. 1. The photo of the working sample. Black defects at silver pads are
places of bonding.

NbAIO,Nb junctions.'® The steps are clearly visible in the
voltage range below 2/.Ry. In order to determine the steps
accurately, we subtract the normal current, V /Ry, from the
bias current / (the right axis of Fig. 2). Here, Ry = 0.0087 Q
(I.Ry = 0.46 mV for T = 6 K) was determined approximately
for high bias currents and the dependence shown in the right
axis of Fig. 2 considered only for convenience. For fields
with the coil current |I/c,| < 1 mA, only weak traces from the
flux-flow steps can be seen because the density of vortices in
the junction is low at such weak fields. The most clear reso-
nant step is observed for |Ic,| = 2.25mA with the minimal
differential resistance dV/dl at the top. At larger fields
|Ic| > 3mA vortices tightly fill the junction and the differ-
ential resistance tends to the normal state resistance.

We have measured a similar dependence for the positive
coil currents and found the sharper flux-flow step at the same
modulo values of /-, =2.25mA. It is seen from Fig. 3 that
for one magnetic field direction (negative coil current) the
flux-flow (velocity-matching) step is sharper than for the
other (positive coil current). Different direction of the mag-
netic field with the same sign of the bias current leads to the
different direction of fluxons motion along the junction.
Thus, for some reasons the regime of fluxon motion from
one side to another occurring with the negative /-, values is
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FIG. 2. Magnetic field response of GBJ at T=6K. The / vs V (solid) as well
as (I — V/Ry) vs V (dashed) curves correspond to increasing coil current
Icp: Icp,=—1mA (curve with rectangles), /o, =—2.25mA (curve with
circles), and I/, = —3 mA (curve with diamonds). The maximum heights of
the flux-flow steps are indicated with arrows. The inset: the critical current
versus the current applied to the coil at the temperature of 6 K. Only a small
fraction of measured points is shown by symbols.
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FIG. 3. Magnetic field response of GBJ at T=6K. I vs V (solid) as well as
(Ipias — V/Rn) vs V (dashed) curves correspond to the different magnetic
field directions, i.e., for /-, =2.25mA (curve with rectangles) and
Icp =—2.25mA (curve with circles).

expressed more strongly than the regime of motion to the op-
posite direction.

lll. THEORETICAL RESULTS AND DISCUSSION

To investigate the reasons leading to occurrence of such
asymmetry, let us consider the sine-Gordon equation

by +0d, — by = By +1(x) — 1 (x)sin @, (1)

where indices ¢ and x denote temporal and spatial derivatives,
respectively, ¢ is the Josephson phase difference. Space and
time are normalized to the Josephson penetration length 4,
and to the inverse plasma frequency !, respectively, so the
voltage is v=V/V; =21V /(®yw,), o= w,/w. is the
damping parameter, o, = /2el./hC, ». = 2el.Ry/h, and f§
is the surface loss parameter. Here, 77(x) is the spatial distribu-
tion of dc overlap bias current density and #,.(x) is the critical
current density, both normalized to the critical current density
s 120y (%) = nof () with L[ f(x)dx = 1, L[7, (x)dx = 1.
The boundary conditions have the form

$(0,1), + B¢(0,1),, =T — AT,
dL, 1), + Bp(L,1),, =T + AL

Here, L is the dimensionless length of the junction in units of
2y, T =H,/(A;J.) is the normalized magnetic field, and AT’
is a small magnetic-field difference.”> Since both overlap
1,y = n(x) and inline 1;, = 2AT"/L components of the cur-
rent are present, the total current density 7, with respect to
which all current-voltage characteristics will be computed, is
the sum of overlap and inline components.’> More general
approach to account for the spatial dependence of the mag-
netic field requires inclusion of the additional term
—dT'(x)/dx into the sine-Gordon equation® that for linear
dependence of I'(x) gives the same current-voltage charac-
teristic as the sum of overlap and inline current compo-
nents.”> While the use of the sine-Gordon equation for
modelling of YBCO GBI is still an open question,37 due to,
e.g., nonsinusoidal current-phase relation,38 the detailed
investigations of I.(¢) for 24° GBJs demonstrated its
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sinusoidal character,”® and for 32° GBJs the considered
model has been successfully used.”’

The computer simulations of the sine-Gordon equation
are performed for the following parameters: « = 1.5 and
f = 0.1, external magnetic field I' = 1 corresponding to the
sharper flux-flow step, and junction length L = 200.

The first reason, which can lead to the diversity of the
flux-flow steps for opposite magnetic field directions, is the
asymmetry of the magnetic field produced by the coil. We
repeated our measurements in different setups with various
sample holders and coils with diameters from 5Smm to
15mm and observed the repetition of the described effect.
Moreover, the numerical investigation shows that to achieve
such an effect the magnetic-field asymmetry 2AT" must be
more than 80%, which is an overestimation in comparison
with realistic experimental values. Thus, the possible asym-
metry of the external field can not lead to the observed
effect. Also, we have studied possible field focusing effect,
when the magnetic field is larger at the center of the junction
than at its edges. To model it, following Ref. 36, we add into
Eq. (1) the derivative of the magnetic field term —dT'(x)/dx,
where T'(x) ~ asin(nx/L), see. Refs. 2 and 40. Since the
function I"(x) is symmetric with respect to the spatial coordi-
nate x, and due to the fact that dT'(x)/dx changes the sign
with the change of the magnetic field sign, it must not lead to
asymmetry of the current-voltage characteristic, since flux-
ons feel the same inhomogeneity irrespectively of the mag-
netic field sign. Indeed, our simulations confirm that the
curves for the opposite values of magnetic field agree with
each other, and can not, therefore, explain the difference in
the flux flow steps.

Another possible reason of asymmetric behavior for the
opposite magnetic field direction is the nonuniform fluxon
chain penetration due to the grain boundary defects. This
results in the asymmetric critical current distribution with
various features.>®**'*?> To model this, we have considered
profiles of 1,(x) qualitatively similar to depicted in Fig. 6 of
Ref. 15 (see the inset of Fig. 4) with the decay law

I-vao

FIG. 4. IV characteristics i vs v (solid) and (i — ve) vs v (dashed) for various
critical current profiles 17, (x) ~ exp(—px): solid curve—uniform distribution
(p = 0), curve with diamonds (I'= —1) and curve with triangles (I'=1) for
p =0.001. The inset: current profiles with different decay factors: solid
line—uniform distribution (p = 0), long dashed curve—p = 0.001, and
short dashed curve—p = 0.0002.
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~exp(—px). If we consider weak inhomogeneity of the criti-
cal current (p < 0.001), the flux flow steps are almost the
same regardless of the field direction and are similar to the
case of the uniform current distribution (solid line in the
inset of Fig. 4). When we increase p to the value of 0.001,
the fluxon penetration becomes asymmetric: for the positive
I' (curve with triangles) fluxons start to move from the right
end with the lower critical current and slow down their
movement to the output left end where the critical current is
larger. Thus, the fluxons are forced to enter and are stacked
there in contrast to the case of negative I' (curve with
diamonds) where the fluxons are effectively removed
from the junction, which results in a much stronger flux-flow
step. However, the critical current density asymmetry for
p =0.001 leads to the asymmetric i.(I") characteristic,
which is not observed in our experiment. In Fig. 5, the nor-
malized experimentally obtained i.(I') curve is compared
with the computer simulation results for various decay fac-
tors p =0, p =0.001 for n.(x), and p = 0.0002 for 5(x).
While the theoretical curves have the current decrease to
almost zero for I' &~ 2; -2, because our model does not
account for a flux creep effect typical to the GBJ, the general
behavior of the experimental curve qualitatively fits the case
p = 0. Thus, we can conclude that the asymmetric critical
current distribution is unlikely to be the main reason of the
observed asymmetry of the flux-flow steps.

The microstructural analysis of samples indicates the
grain size ~1 um, so homogeneous bias current distribution
along ~350 um junction can be expected. However, GBJ ani-
sotropy'? can lead to a redistribution of currents resulting in a
certain bias current #7(x) asymmetry. To get the picture similar
to the experimental one, we have performed the same analysis
as for #.(x) (Fig. 4) and obtained the most appropriate decay
factor p = 0.0002 for n(x) ~ exp(—px). In Fig. 6, two flux-
flow steps for opposite field directions are shown. For the pos-
itive I' (curve with triangles), fluxons start to move from right
end with the lower bias current and are accelerated under the
Lorentz force action to the output (left) end. In the case of
negative I' (curve with diamonds), the fluxons are forced to

FIG. 5. Normalized critical current i. versus normalized magnetic field I" for
experiment (solid curve with symbols) and theory with the symmetric p =0
(dotted curve), asymmetric critical current p = 0.001 (long dashed curve),
and asymmetric bias current p = 0.0002 (short dashed curve).
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I-vo

FIG. 6.7 vs v (solid) and (i —vx) vs v (dashed) for bias current profile
1n(x) ~exp(—px) with p =0.0002: curve with diamonds—I = —1 and
curve with triangles—I" = 1.

enter, but are not removed effectively. Here, i.(I') is nearly
symmetric (see the short-dashed curve in Fig. 5), which is in
agreement with our measurements. Taking into account that
the magnitude of flux flow steps discrepancy is nearly the
same for critical current asymmetry with p = 0.001, Fig. 4,
and bias current asymmetry with p = 0.0002, Fig. 6, this sig-
nals that the bias current asymmetry is the most probable rea-
son, leading to the observed effect.

IV. CONCLUSIONS

In conclusion, the current-voltage characteristics of long
24°[001]-tilt YBa,Cu307_; bicrystal grain-boundary junctions
in the presence of magnetic field are studied experimentally
and theoretically. The flux-flow steps with different height
and slope depending on the external magnetic field direction
are observed. The possible reasons leading to such asymmetry
are investigated using the sine-Gordon equation. It is shown
that the asymmetry of the bias current distribution' is the
most probable reason for the flux-flow steps difference.
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