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We have directly observed well-separated Josephson vortex splinters with unquantized magnetic flux at
asymmetric 45° grain boundaries in YBa,Cu;0;_; films by imaging magnetic flux with scanning SQUID
microscopy. The existence of these splinter vortices has been predicted and is well described by a model
based on d,»_» pairing symmetry and facetting of the grain boundary on a length scale shorter than the

2
Josephson penetration depth.
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The rigid phase coherence of the superconducting state
results in quantization of fluxoids and generally also of
magnetic flux penetrating superconductors. This is the case
for Abrikosov vortices in type-II superconductors [1] and
Josephson vortices in Josephson junctions [2]. Exploiting
the d-wave symmetry of high-7,. superconductors, in tri-
crystalline samples half magnetic flux quanta have been
observed in recent years [3]. In contrast to these structures
containing precisely quantized flux, completely unquan-
tized flux has been found to be generated by superconduct-
ing grain boundaries in high-7,. superconductors [4] due to
the d-wave symmetry and facetting of the grain boundary
plane.

In this Letter, we report the existence of a novel type of
magnetic flux structure in superconductors. Using scan-
ning SQUID microscopy we have imaged the flux gener-
ated by 45° grain boundaries in superconducting
YBa,Cu30;,_; films. While magnetic flux of these struc-
tures is unquantized, we find that several of them form
pairs with magnetic fluxes that sum to ¢, and therefore
present splintered vortices.

The asymmetric 45° [001]-tilt grain boundaries in
YBa,Cu30;,_; films have two remarkable anomalous be-
haviors. First, the Josephson critical current dependence on
the applied magnetic field H has a non-Fraunhofer char-
acteristic [5-8], with almost no central peak at H = 0 and
possibly with two dominant side peaks at a certain field
H,, # 0. Second, unquantized flux spontaneously gener-
ated by these grain boundaries is observed upon cooling in
zero field [4]. These two fundamental observations have no
explanation within a standard model treating a grain
boundary as a conventional Josephson junction. A consis-

067004-1 0031-9007/02/89(6)/067004(4)$20.00

PACS numbers: 74.60.Ge, 74.50.+r

tent understanding has been achieved by combining two
specific additional facts [4].

The first fact is the existence of a d,> > wave symmetry
component of the superconducting order parameter in
YBa,Cu307_5 [3,9]. This d,2_,» wave symmetry introdu-
ces a strong dependence of the Josephson critical current
density on the misorientation angle between adjacent
grains. The second fact is the facetted structure of the grain
boundaries in YBa,Cu3;0;_5 films, with facets having all
length scales below 100 nm [4,10-14]. This grain bound-
ary meandering leads to variation of the microscopic grain
boundary plane. In some cases these variations are highly
important, e.g., when the critical current density j,. alter-
nates along the asymmetric 45° [001]-tilt grain boundary
with a nearly zero average value (j.(x)), where x axis is
along the macroscopic (averaged over the facets’ length
scale) grain boundary plane [8].

A high-resolution scanning SQUID microscope [15,16]
was used to image the local magnetic fields. With this
technique nine samples were studied at 4.2 K, of which
we present in this Letter three data series: JA (shown in
Ref. [4]) and B taken from one sample in two different
cooldowns, and C taken from another sample (new data).
In particular, we report the experimental observation of
spontaneously generated splinter vortices with a wide va-
riety of fluxes at the asymmetric 45° [001]-tilt grain
boundaries in YBa,Cu;0;_z films.

The samples used for the experiment are [001] *1°
oriented YBa,Cuy0;_5 films grown by standard pulsed-
laser deposition on bicrystalline SrTiO; substrates to
a thickness of = 150 nm. The low-7, SQUIDs used for
these measurements had an octagonal integrated shielded
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superconducting pickup loop 4 um in diam; at each step
of the measurements the pickup loop was shifted by one
half of its width (for details, see Ref. [4]).

The alternating critical current density approach has
been successfully used to consider Josephson properties
of asymmetric grain boundaries in YBa,Cu3;0,_5 films
[17-19]. The analytical calculations and numerical simu-
lations demonstrate the existence of spontaneously gener-
ated unquantized magnetic flux if (a) the amplitude of
alternations of j.(x) exceeds a threshold value, and (b)
the length of the facets [ is less than the local Josephson
penetration depth Ao, = +/cy/1672A{|j.(x)|) (here A is
the London penetration depth). This flux oscillates with a
length scale of / and an amplitude less than the flux
quantum ¢,.

Another important result follows from the alternating
critical current density model [18]. It is predicted that the
spontaneous tunnel current loops generate Josephson vor-
tices with unquantized magnetic flux ¢ < ¢ (splinter
vortices) and perplexing properties: if j.(x) is periodic,
then there are two types of splinter vortices carrying
fluxes ¢| = /2 and ¢, = ¢o/2, related by a comple-
mentarity condition ¢| + ¢, = ¢,.

The approach to search for the splintered vortices is
based on the results of analytical and numerical studies
of the electromagnetic properties of the tunnel junctions
with an alternating critical current density [18,19]. It was
shown in these studies that the phase difference generated
by a single vortex splinter alternates around certain average
values at the vortex ‘“‘tails.” The amplitude of the alterna-
tions is small; the average values are from the two series
¢, =2mn+ ¢, and @, =2an — ¢, where n is an
integer and the parameter ¢, = /2. The series @, and
¢, interchange being separated by the two “steps” A, =
®n — @, =2¢, and Ay =@ — @y =27 — 24,
The fluxes ¢; and ¢, carried by splinter vortices are given
by ¢ = ¢poA/2m = ¢0¢7/7T and ¢, = PolA,/2m =
by — ¢, the values of ¢; = ¢y/2 and ¢, = /2 are
related by the complementarity condition ¢ + ¢, = ¢g.

It is important to note that the steps A; and A, are
determined at the tails of the splinter vortices. If these
steps do not vary along a grain boundary, then the com-
plementarity relation is “global,” i.e., it holds for ¢, and
¢, measured for vortices at any location. If A; and A, vary
along a grain boundary, then ¢, and ¢, depend on the
location of the vortices and the complementarity relation is
“local,” i.e., it holds only if ¢; and ¢, are measured for
closely located vortices.

Consider now a phase pattern with a “dilute” row of
splinter vortices, such that the distance between these
vortices exceeds the Josephson penetration depth A =
Jebo/1672 A (j(x)) defined by the averaged value of the
critical current density (j.(x)) < {|j.(x)]) [19]. Assume
the vortex row starts with slight variations of the phase
difference ¢(x) around (¢(x)) = #,. Thus, #,, is the value
of (p(x)) at the tail of the neighboring vortex or antivortex.
If this neighbor is a vortex, then it has the flux ¢, and
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(¢(x)) increases from i, to 277 — 4, in this neighbor’s
domain. If the neighbor is an antivortex, then it has the flux
— ¢, and (¢(x)) should decrease from i, to —¢,. This
reasoning allows for the understanding of any dilute row of
splinter vortices.

This understanding of flux patterns in junctions with an
alternating critical current density will now be used to
analyze the experimental data on the unquantized magnetic
flux localized at the asymmetric 45° [001]-tilt grain
boundaries in YBa,Cu;0;_g films. To reveal the splinter
vortices we calculate the phase difference ¢(x) across a
grain boundary using the data on the flux f(x, y) measured
by the pickup coil of a SQUID microscope (the y axis is
assumed perpendicular to the macroscopic grain bound-
ary). First, we find the magnetic flux per step

o = [ e 2, ()
y-
where y is above and y_ is below the grain boundary. The
values of y, and y_ are defined so that f(x,y,) and
f(x,y_) are equal to the background levels of the flux
f(x, y) far enough from the grain boundary (y = 0), and
A is the area of the pickup loop.

To perform the integration the position of the macro-
scopic grain boundary line has to be extracted from the
data on the measured flux f(x, y). The grain boundary is
defined as a line y = y,(x) of locations of the minima and
maxima of the flux f(x, y), the curve y = y,(x) is deter-
mined by analyzing a contour plot of f(x,y). After the
grain boundary line y,(x) is known, the flux ¢(x) is com-
puted by summing the fluxes f(x, y) in a strip of length
y+ — y— or w (in steps). As a final step the average back-
ground flux has to be subtracted, this results in

0+ flx,w+1)
- 1 w.

$(x) = % > f(y) 2
y=1

The phase difference ¢(x) is found by using the relation
do/dx = Cé(x)/dy, integrated from one end of the grain
boundary line. To determine the constant C and to calibrate
the data measured by the pickup loops, the method de-
scribed above is applied to several Abrikosov vortices
visible in the films away from the grain boundaries. It is
mentioned that ¢(x) and ¢(x) are almost insensitive to
small variations in the locations of the grain boundary, as
the value of ¢(x) is calculated as a sum of the fluxes f(x, y)
over a strip which by definition includes the main contri-
buting terms.

The above procedure applied to the data series A and B
results in the phase patterns ¢(x) shown in Fig. 1. These
dependencies clearly exhibit several well-defined splinter
vortices. A section of the phase difference ¢(x) marked
by a rectangle in Fig. 1(a) describes a splinter vortex with a
flux ¢; = 0.37 ¢,. Its phase pattern is depicted in detail in
Fig. 1(a), the flux image for this vortex is shown in the inset
in Fig. 2. The graph shown in Fig. 1(b) clearly exhibits
four well-defined splinter vortices. A section of the flux
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FIG. 1. The phase patterns ¢(x) for the data sets ‘A (a) and B
(b), the averages (¢(x)) at the splinter vortices tails are shown by
dotted lines. (a) Two steps A; and A, allow for two splinter
vortices with the complementary fluxes ¢; = 0.37 ¢ and ¢, =
0.63 ¢. (b) The steps A; and A, vary along the grain boundary
and the fluxes of the four splinter vortices do not fit to the
“global” complementarity relation.

difference marked by a rectangle in Fig. 1(b) describes a
splinter vortex with a flux ¢; = 0.38 ¢, and is shown in
detail in the inset in Fig. 1(b).

To find the typical length scale for the splinter vortices
we approximate ¢(x) by a standard vortex type solution of
the sine-Gordon equation shifted by a constant

©o(x) = 4arctan[ exp(x/Ay) ] + const. 3)

We use ¢,(x) = 0.37 ¢y(x/A,) with the value of A, =
6.4 um to plot the solid line in the inset in Fig. 1(a). To
approximate the phase pattern shown in the inset in
Fig. 1(b) we use ¢,(x) = 0.38 ¢o(x/A,) with A, =
12.5 pm.

The phase pattern ¢(x) for the data series C is shown in
Fig. 3, five splinter vortices and four splinter antivortices
are clearly seen at the grain boundary. In the insets in Fig. 3
a splinter vortex with the flux ¢., = 0.68 ¢y and A, =
12.8 um and a splinter antivortex with the flux ¢, =
—0.37 ¢p¢ and A, = 5.8 wm are shown in detail.

The typical length of a current loop forming a splinter
vortex is given by the Josephson length A ~ Ay. In our
study we find that Ay ~ 10 wm, comparing A, ~ 1 wm
[4] and AO we estimate <]L>/<|.]L‘|> = (/\IOC/AO)z ~ 10_2‘ A
remarkable feature of the flux patterns observed for the
data series B and C is the broken ““‘global” complemen-
tarity relation.
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FIG. 2. Scanning SQUID microscope image of an area 60 X
70 um? along the grain boundary (white dotted line) in the
sample A. The splinter vortex has the flux ¢; = 0.37¢,, its
phase pattern is marked by a rectangle in Fig. 1(a). A bulk vortex
is shown for comparison at the left corner away from the grain
boundary. The inset at the bottom is for the flux image along the
whole boundary (1024 pm); the rectangle indicates the location
of the splinter and bulk vortices.

Splinter vortices originate on a background of a ““dense”
linear array of interchanging 0 and 7 junctions [18]. In this
dense array the lengths [/, and [, of the junctions are much
less than the local Josephson length A;.. To understand the
generation of splinter vortices qualitatively we start by
considering a “dilute” array, such that A, << [y, [, and
arrive at a dense array by increasing the value of Aj.
Indeed, consider an array of interchanging O and =

FIG. 3. The phase pattern ¢(x) for the data series C, the
averages {¢(x)) at the splinter vortices tails are shown by dotted
lines. The steps A, and A, vary along the grain boundary and the
fluxes of the splinter vortices and antivortices fit to the “global”
complementarity relation in two cases only.
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FIG. 4. Transformation of the phase pattern ¢(x) from a
function generated by a row of single 7 vortices and 7 anti-
vortices (a) to a superposition of a smooth phase shift and a
small rapidly alternating phase (d).

junctions with aperiod [ = [, + [, [y = [, and a stepwise
alternating critical current density taking the values =*j,.
with (jo) = j. (lp = 1)/l # 0.

In the equilibrium state of a dilute array of interchanging
0 and 7 junctions, single 7= vortices and/or 7 antivortices
originate at each of the 0 — 7 connection points as shown
in Fig. 4 (curve a) [20]. If a 7 antivortex follows a 7 vortex
[as shown in Fig. 4 (curve a) for x > 0] then the total flux
in the system is zero. A splinter vortex develops from the
phase difference ¢(x) shown in Fig. 4 (curve a). In this
case the system carries flux ¢(/2, as an “‘extra” 7 vortex is
located at the point x = 0.

Now increase A, i.e., the width of the 7 vortices and 7
antivortices. At a certain A, the “cores’ of these vortices
and antivortices start to overlap [21]. This overlapping
results in two basic consequences. First, the average value
of the phase difference noticeably shifts as the pairs of 7
vortices and 7 antivortices partially cancel each other.
Second, the amplitude of the rapid alternations with the
period [ drastically decreases.

The change of ¢(x) from a stepwise curve generated by a
row of single 7 vortices and 7 antivortices (a) to a super-
position of a smooth and small rapidly alternating phase
(d) is shown in Fig. 4. The smooth phase has a length scale
of order of A and the alternating phase has a period of /. A
splinter vortex with a flux ¢; = 0.34 ¢ is shown in Fig. 4
(phase d). It is seen from Fig. 4 that the flux 0.50 ¢y —
0.34 ¢y = 0.16 ¢ is steadily “pushed” out to infinity (to
the edges) as the value of A, increases.

In summary, we have observed several sets of splinter
vortices at asymmetric 45° [001]-tilt grain boundaries in
YBa,Cu;0;_5 films. The mechanism used to explain the
splinter vortices has been described without adjustable
parameters. It does not depend on the existence of an
imaginary component to the order parameter, either intrin-
sic to the bulk [22,23], or induced by the grain boundary
interface [24-29].
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