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Abstract

We investigated the physical processes which govern the supercurrent limiting mech-
anism in Y] Ba;Cu3O7_s (YBCQ) thin films. The following problems have been stud-
ied: (1) temperature dependence of the critical current I.(T), (2) dissipation of the
curreni: and the effective activation energy barrier Ugg(J) for vortex motion, and (3)
magnetic flux penetration and current distribution in disk-shaped YBCO thin films.
The experiments were carried out with an unconventional technique which uses ring-
and disk-shaped samples and a scanning Hall probe to measure the profiles of a mag-
netic field due to a persistent current circulating in a ring or due to magnetic vortices

penetrating a disk.

The studies of I.(T) revealed the crossover between an Ambegaokar-Baratoff-
like (AB) temperature dependence of the critical current at low temperatures to a
Ginzburg-Landau-like (GL) (T. — T')*/? dependence at higher temperatures. The
crossover was observed for both depairing and depinning critical currents in c-axis
oriented YBCO thin films (and in granular YBCQ). The experimental data imply
the presence of superconducting nanometer-size domains (of an effective diameter of
about 30-40 A) coupled by Josephson tunnel junctions in the a-b planes of YBCO,
in agreement with the Clem’s model for I.(T) in strongly coupled granular supercon-
ductors [Phys. Rev. B 35,6637 (1987)] and electron microscopy studies of Etheridge
[Phil. Mag. A 73, 643 (1996)]. The size of these domains decreases with a decreasing

oxygen content and with an increasing applied magnetic field.

Regarding the dissipation of the current, we found the correlation between
the temperature dependence of the critical current I.(T") and the dependence of
Uegg(J) on the current density in YBCO thin films. When [ (T) is dominated by
a GL-like temperature dependence [I.(T) o« (7. — T)3?] , the empirical formula

for the energy barrier is Uyg(J) = a Jo(T)exp(—%J/Jo). In an AB regime of



I(T) , Ueg(J) = Jo(T)ar exp(—%J/J0) + a2 exp(—FJ/Jw)]- These relation-
ships were found to describe an intrinsic property of all thin films studied, inde-
pendent of the growth conditions, substrates, film thickness, T,, and the magni-
tude of the critical current density. According to our interpretation, the factors
32J/Jo and £ J/Jg in the exponents of Upg(J) represent a tilted washboard po-
tentiali U;(¢)/E; = —cos¢ — (J/Jo)¢ for an overdamped (resistively shunted)
Josephson tunnel junction, locked at phases of 37/2 and 97/2 . These phases cor-
respond to the maximum resistive dissipation in a junction. The experimental data
imply that the superconductor behaves like a single overdamped Josephson junction
(or an extremely coherent array of resisitively shunted Josephson junctions). The
dissipation of the persistent current occurs due to the collective motion of vortices

through the Josephson nanostructures in YBCO.

Magnetic flux penetration and current distribution in YBCO disk-shaped thin
films was investigated at low magnetic fields. We studied the conditions characteristic
of complete and partial flux penetration regimes. Magnetic flux penetration and
current distribution in disk-shaped YBCO thin films are well described by the critical
state model of Mikheenko and Kuzovlev [Physica C 204, 229 (1993)] and Zhu et al
[Physica C 212, 216 (1993)].
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extendedscale. . . . . . . . . .. ... ..

The dependence of U,g/I.(T') on the current I presented for four
YBCO thin films. Upg/I.(T) and the current are plotted using
logarithmic scales in order to determine the values of the expo-
nent y in the power law dependence of U.g(J) proposed by the

collective flux pinningmodel. . . . . . .. ... ... ... ...,
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4.2.2 The dependence of the critical current on the normalized tem-

perature (plotted as [I.(T')/I.(10K) % versus T/T. in Figures on
the left) compared with the dependence of the energy barrier on
the current (plotted as log[Ueg/I(T)] versus [I/I.(0K)] in Fig-
ures on the right) for YBCO ring-shaped films #1, #2 and #3.
In Figures (a), (b) and (c) the open circles mark the experimen-
tal data for I.(T). The solid lines represent theoretical fits to
the experimental data: they are the superposition of the GL-like
dependence (dashed lines) at low temperature and the AB-like
dependence [Clem’s model (solid triangles) with the coupling con-
stant £o = 0.1 for (a) and (c), and 5o = 100 for (b)]. In Figures
(d), (e) and (f) the solid straight lines indicate that the depen-
dence of [Uag/Ic(T)] on [I/I.(0K)] is exponential. Note that their

slopes are sample independent. . . . . . . ... .. ... 0L



4.2.3 The dependence of the critical current on the normalized tem-
perature (plotted as [I.(T)/I.(10K)]3 versus T/T. in Figures on
the left) compared with the dependence of the energy barrier on
the current (plotted as log[Ueg/I.(T)] versus [I/I.(0K)] in Fig-
ures on the right) for YBCO ring-shaped films #4, #35 and #6.
In Figures (a), (b) and (c) the open circles mark the experimen-
tal data for I.(T). The solid lines represent theoretical fits to
the experimental data: they are the superposition of the GL-like
dependence (dashed lines) at low temperature and the AB-like
dependence [Clem’s model (solid triangles) with the coupling con-
stant 9 = 100 for (a), (b) and (c)]. Note that the GL-like part of
I.(T) is limited to a narrower temperature range in comparison to
that for YBCO #1, #2 and #3 [Figure (4.2.2)]. In Figures (d),
(e) and (f) the solid straight lines indicate that the dependence of
[Uege/1(T)] on [I/I.(0K)] is exponential. Note that their slopes
are sample independent, and the same as for YBCO #1, #2 and
#3 [Figure (4.2.2)]. .. .. ... .. . .. .. ... ... 90



4.2.4

4.2.5

The dependence of the critical current on the normalized tem-
perature (plotted as [I/[.(10K )]# versus T/T. in Figures on the
left) compared with the dependence of the energy barrier on the
current (plotted as log[U.g/I.(T)] versus [I(T)/I.(0K)] in Fig-
ures on the right) for YBCO ring-shaped films #7, #8 and #9.
In Figures (a), (b) and (c) the open circles mark the experimen-
tal data for I.(T). The solid lines represent theoretical fits to
the experimental data: they are the superposition of the GL-like
dependence (dashed lines) and the AB-like dependence [Clem’s
model (solid triangles) with the coupling constant g5 = 100 for
(2), (b) and (c)]. In Figures (d), (e) and (f) the solid lines indicate
that the dependence of [Uyg/I(T)] on [I/I.(0K)] is exponential.
Note that their slopes are sample independent and identical to
those presented in Figures (4.2.2) and (4.2.3) for YBCO from #1
to 6. . e

The dependence of the critical current I, on the normalized tem-
perature T /T, , according to various theoretical models which
were utilized in the fits to the experimental data shown in Fig-
ures (4.2.2) , (4.2.3) and (4.2.4) (a), (b) and (c). Figures (a) and
(b) show a GL-like (T, — T')# dependence of I(T) , AB depen-
dence of I.(T'), and Clem’s calculations of the crossover from AB
to GL in I (T) with coupling constants g9 = 0.1 and 100. Figure
(c) presents a superposition of the GL-like I.(T") with that of the
Ambegaokar-Baratoff and Clem. Figures (d), (e) and (f) contain
the results of (a), (b) and (c), plotted as [I(T)]3 versus T/T. . .
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4.2.6

4.2.7

4.2.8

The dependence of the energy barrier Upg/I.(T) on the normal-
ized current I/I.(0K) plotted for YBCO ring-shaped films #4. 5.
6 and 8. These films are characterized by the pronounced AB-like
behavior of I.(T) close to T, [Figures (4.2.2), (4.2.3) and (4.2.4)],
and the deviation of U.g/I.(T) from the straight solid line at
small currents. The segments on the dashed lines represent the
data obtained by subtracting Ueg/I.(T) at low currents from the
solid lines. In these cases U,g/I.(T) is a double exponential func-
tionof I/I.(OK) . . . . ... . ... .

The magnitudes of the argument in the exponents of [Ug//c(T)]
for each YBCO thin film sample, which are represented: (a) by
the slope of the straight solid lines in Figures (4.2.2), (4.2.3) and
(4.2.4) (e), (f) and (g) for GL-like regime of I.(T'); and (b) by the
slope of the straight dashed lines in Figure (4.2.6) for an AB-like
regimeof I.(T) .. ... .. ... ... ... . .. ... .

The schematic of the nanoscale cells (a few nanometers in size)
in the a-b planes of YBCO as described by Etheridge[43] on the
basis of the high resolution electron microscopy. According to our
studies, the walls between the cells form Josephson tunnel junc-
tions with the spatial variation of the coupling energy in the a-b
planes AE} ®(z,y) and between the planes AE%(z,y). Crystallo-
graphic directions of the cell walls are along the x,y axes. The

a,b-axes are positioned at an angle of about 45° relative to the
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The profiles of the axial (a) and radial (b) magnetic fields shielded
by a zero-field-cooled disk #2 at various applied fields and 30 K
. The shielding field reaches maximum at applied field of about
300G. The profiles were measured by scanning axial and radial
Hall probes at a distance of 3mm above the sample. Distances
Omm and 7.5mm mark the center and the edge of the disk, re-

spectively. . . . . . . ... ...

The profiles of the axial (a) and radial (b) magnetic fields shielded
by a zero-field-cooled ring #1 at various applied fields and 30 K
. The shielding field reaches maximum at applied field of about
250 G. The profiles were measured by scanning axial and radial
Hall probes at a distance of 3 mm above the sample. Distances
+4.25mm and +2.50mm mark the outer and inner ring’s edges,

respectively. . .. . ... ... oo

The profiles of the axial (a) and radial (b) magnetic fields trapped
at 30 K by a zero-field-cooled disk #2 after applying and subse-
quently removing external fields up to 750 G. The profiles were
measured by scanning axial and radial Hall probes at a distance
of 3mm above the sample. Distances Omm and 7.5mm mark the

center and the edge of the disk, respectively. . . . ... ... ..

The profiles of the axial (a) and radial (b) magnetic fields trapped
at 30 K by a zero-field-cooled ring #1 after applying and subse-
quently removing external fields up to 750 G. The profiles were
measured by scanning axial and radial Hall probes at a distance
of 3mm above the sample. Distances £4.25mm and £2.50mm

mark the outer and inner ring’s edges, respectively. . . ... ..
g P y
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Axial and radial components of the shielding and trapped fields
in zero-field-cooled disk #2 measured as a function of the applied
field at various temperatures. The axial components (a) and (c)
were taken at the center of the disk while the radial components
(b) and (d), correspond to a maximum radial field. The applied
field was perpendicular to the sample surface. The shielding and
trapped fields were measured by scanning axial and radial Hall

probes at a distance of 3mm above the sample. . . . . . . .. ..

Axial and radial components of the shielding and trapped fields
in zero-field-cooled ring #1 measured as a function of the applied
field at various temperatures. The axial components (a) and (c)
were taken at the center of the ring while the radial components
(b) and (d), correspond to a maximum radial field. The applied
field was perpendicular to the sample surface. The shielding and
trapped fields were measured by scanning axial and radial Hall

probes at a distance of 3mm above the sample. . . . . . . . ...

The vectors of the shielding field measured at 30K as a function
of position along the diameter of disk #2 (and a distance of 3mm
above its surface) for different applied fields. The magnitude of
each vector is proportional to the magnitude of the total field at

the same position. Distances —7.5mm and 7.3mm mark the disk’s
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5.1.8

The vectors of the trapped field measured at 30K as a function
of position along the diameter of disk #2 (and a distance of 3mm
above its surface) for different applied fields. The magnitude of
each vector is proportional to the magnitude of the total field at

the same position. Distances —7.5mm and 7.5mm mark the disk’s

The vectors of the shielding field measured at 30K as a function
of position along the diameter of ring #1 (and a distance of 3mm
above its surface) for different applied fields. The magnitude of
each vector is proportional to the magnitude of the total field at
the same position. Distances £4.25mm and £2.50mm mark the

outer and inner ring's edges, respectively. . . . .. .. . ... ..

5.1.10 The vectors of the trapped field measured at 30K as a function

3.1.11

of position along the diameter of ring #1 (and a distance of 3mm
above its surface) for different applied fields. The magnitude of
each vector is proportional to the magnitude of the total field at
the same position. Distances +4.25mm and £2.50mm mark the

outer and inner ring’s edges, respectively. . . . .. .. . ... ..

The vectors of the shielding field measured at distances between 3
and 12mm (every 1lmm) above the surface of disk #2 at 30K and
at applied magnetic fields of 33, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-
nitude of the shielding field in each Figure. Distances —7.5mm

and 7.3mm mark the disk’'sedges. . . . . . ... ... .. .. ..
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5.1.12 The vectors of the trapped field measured at distances between
3 and 12mm (every 1mm) above the surface of disk #2 at 30K
and at applied magnetic fields of 35, 50, 100, 200, 375 and 700G.
The magnitude of each vector is proportional to the magnitude of
the total field at the same position normalized to the maximum
magnitude of the trapped field in each Figure. Distances —7.5mm
and 7.5mm mark the disk’s edges. x2, x10 and x20 mark the

magnification of the vectors. . . . . . ... .. .. ... ..... 118

5.1.13 The vectors of the shielding field measured at distances between 3
and 12mm (every 1mm) above the surface of ring #1 at 30K and
at applied magnetic fields of 35, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-
nitude of the shielding field in each Figure. Distances +4.25mm

and +2.50mm mark the outer and inner ring’s edges, respectively. 119

5.1.14 The vectors of the trapped field measured at distances between
3 and 12mm (every 1mm) above the surface of ring #1 at 30K
and at applied magnetic fields of 33, 50, 100, 200, 375 and 700G.
The magnitude of each vector is proportional to the magnitude
of the total field at the same position normalized to the maxi-
mum magnitude of the trapped field in each Figure. Distances
+4.25mm and +2.50mm mark the outer and inner ring’s edges,

respectively.x10, x20 and x100 mark the magnification of the



5.1.15 The profiles of the axial component of the magnetic field shielded
by a zero-field-cooled disk #1 which were measured at a distance
of 3mm above the disk’s surface at various temperatures between
60 and 90 K in the presence of an external field of 200 G. Distances
+7.5 mm and -7.5 mm mark the disk’'sedges. . . . . . . ... .. 122

5.1.16 The profiles of the axial component of the magnetic field trapped
in a zero-field cooled disk #1 which were measured at a distance
of 3mm above the disk’s surface at various temperatures between
60 and 90K after an external field of 200 G was removed. A
complete flux-penetration-state is reached, above 77K. Distances

+7.5 mm and -7.5 mm mark the disk’'sedges. . . . . .. ... .. 123

5.1.17 Open symbols mark temperature dependence of the axial compo-
nent of the magnetic field shielded in the center of a zero-field-
cooled disk #1 in the presence of external fields of 40 G (a), 80 G
(b) and 200 G (c). Solid symbols mark temperature dependence
of axial component of the the magnetic field trapped in the center
of the disk after the applied field was reduced to zero. The max-
imum trapped field indicates the crossover between a partial and
complete flux-penetration-regimes. Note that this maximum co-
incides with the inflection point on the shielding field versus tem-
perature curve. (d) Temperature dependence of the field trapped
in disk #1, plotted for various applied fields between 40 G and
200 G. The complete-flux-penetration regime is common for all
trapped fields at temperatures higher than that corresponding to
the maximum trapped field. Discrepancies observed for various

applied fields are caused by the time decay of the trapped field. . 124



5.1.18 (a) Temperature dependence of the maximum axial magnetic field

which can be trapped in the center of a zero-field-cooled disk
#1. (b) Dependence of the maximum axial trapped field on the
minimum magnitude of the external magnetic field required for a

complete flux penetration. .. ... . ... .. ... ... ..

5.1.19 Temperature dependence of the maximum axial field trapped in

a zero-field-cooled disk #1 (solid symbols) and that of the axial
component of the magnetic field generated by the critical per-
sistent current circulating in a zero-field-cooled ring #1 (open
symbols) which was etched out from disk #1. A magnetic field
of 750 G was used to saturate the trapped magnetic field and the

persistent current. . . . . . .. . ... ...

5.1.20 Upper figure: The distributions of the axial component of the

3.1.21

trapped magnetic field measured across disk #1 at a distance of
3mm above the disk’s surface at 79 K. This represents the case of
a complete flux penetration after a field of 200G was applied to
the zero-field-cooled sample and subsequently removed . Lower
figsure: The corresponding distributions of the normalized decay

rate S = (1/B,)(dB/dInt) for the motion of the trapped flux. . .

The distributions of the axial component of the trapped field (up-
per figure) and the normalized decay rate S (lower figure) mea-
sured across disk #1 at a distance of 3mm above the disk’s surface
at 67K. This represents the case of an incomplete flux penetra-
tion after a field of 200 G was applied to the zero-field-cooled

sample and subsequently removed. . . . . . .. ... ... ...

125

129



5.1.22 Temperature dependence of the axial component of the trapped

field (upper figure) and the normalized decay rate S (lower figure)
measured in the center of disk #1 at a distance of 3mm above the
surface when a field of 200 G was applied to the zero-field-cooled

sample and subsequently removed. . . . . . .. ... ... ...

5.1.23 Temperature dependence of the axial component of the trapped

field and the normalized decay rate S measured in the center of
ring #1 at a distance of 3mm above the ring’s surface when a

field of 200 G was applied to the zero-field-cooled sample. . . . .

5.1.24 The distributions of the axial component of the trapped field in

ring #1 at various temperatures between 50 and 8K, after an
external field of 200 G was applied to the zero-field-cooled sam-
ple. Distances £4.25mm and +£2.50mm mark the outer and inner

ring’s edges, respectively. . . . . ... ... o000

The profiles of the axial (a) and radial (b) magnetic fields shielded
by a zero-field cooled disk #2 in various applied fields and at
30K. Open symbols represent the experimental data measured
at a distance of 3mm above the sample, and the solid lines are
the theoretical fits based on the current distributions shown in

Figure (5.2.2). . . . . . . . . . e
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Normalized current density profiles across disk #2 for the shield-
ing at 30K, calculated using Equation (1.17) for applied fields
(H,) of (1) 125, (2) 25, (3) 50, (4) 75, (5) 100, (6) 125, (7) 150,
(8) 350, (9) 650 and (10) 750G . The radius a of the vortex free
region was calculated from the formula a = R/ cosh (H./Hg4) and
it marks a distance at which the current I reaches I.. The critical

current density J. was taken to be 8.7 x 10 A/em?. . . . .. ..

The profiles of the axial (a) and radial (b) magnetic fields trapped
in zero-field-cooled disk #2 in various applied fields and at 30K
Open symbols represent the experimental data measured at a dis-
tance of 3mm above the sample, and the solid lines are the the-

oretical fits based on the current distributions shown in Figure

Normalized current density profiles across disk #2 at 30K calcu-
lated using Equation (1.19) for an applied field H, = 150, 250,
350, 450, 550 and 750G. The radius a of the vortex free shielded
region was calculated from the formula a = R/ cosh (H,/H4) and
it marks a distance at which the current I (for each H,) achieves
the lowest negative value. The inner radius b of the annular ring at
which the current I reaches I, is given by b = R/ cosh (H,/2Hy).
The critical current density was taken to be 9.9 x 108 A/cm?. . .
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The profiles of the axial (a) and radial (b) magnetic fields trapped
in a zero-field-cooled disk #2 in various applied fields and at 40K.
Open symbols represent the experimental data measured at a dis-
tance of 3mm above the sample, and the solid lines are the the-

oretical fits based on the current distributions shown in Figure

Normalized current density profiles across disk #2 at 40K cal-
culated using Equation (1.19) for an applied field H, = 56, 96,
130, 190, 250, 310, 400 and 750G. The radius a of the vor-
tex free shielded region was calculated from the formula ¢ =
R/ cosh (H,/Hy) and it marks a distance at which the current
I (for each H,) achieves the lowest negative value. The inner
radius b of the annular ring at which the current I reaches I is
given by b = R/ cosh (Ha/2Hy). The critical current density was
taken to be 78 x 108 A/em?2. . . . . .. ... L.

The profiles of the axial (a) and radial (b) magnetic fields trapped
in a zero-field-cooled disk #2 in various applied fields and at 50K.
Open symbols represent the experimental data measured at a dis-
tance of 3mm above the sample, and the solid lines are the the-

oretical fits based on the current distributions shown in Figure



5.2.8

Normalized current density profiles across disk #2 at 30K cal-
culated using Equation (1.19) for an applied field H, = 30, 70,
90, 130, 160, 230, 300 and 700G. The radius a of the vor-
tex free shielded region was calculated from the formula a =
R/ cosh (H,/H;) and it marks a distance at which the current
I (for each H,) achieves the lowest negative value. The inner
radius b of the annular ring at which the current I reaches I is
given by b = R/ cosh (H,/2H,). The critical current density was
taken tobe 6.11 x 106 A/em?. . . . . ... .. ... ... ...

The profiles of the axial (a) and radial (b) magnetic shielding
fields in a zero-field-cooled disk #2 at 700G, and 50K, which were
measured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental

data and the solid lines are the theoretical fits which use the Bean

144

current distribution with J. = 5.2 x 105 A/cm? over the entire disk.146

5.2.10 The profiles of the axial (a) and radial (b) magnetic trapped fields

in a zero-field-cooled disk #2 at 700G, and 50K, which were mea-
sured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J, = 6.11 x 105 A/cm? over the entire

disk. . . . . e e e e e



3.2.11 The profiles of the axial (a) and radial (b) magnetic shielding

fields in a zero-field-cooled ring #1 at 700G, and 30K, which were
measured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J, = 6.3 x 106 A/cm? over the entire

width of thering. . . . .. ... .. ... ... ... .. ...

5.2.12 The profiles of the axial (a) and radial (b) magnetic trapped fields

1.0.1

in a zero-field-cooled ring #1 at 700G, and 30K, which were mea-
sured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J. = 8.55 x 106 A/ cm? over the entire

width of thering. . . ... ... .. .. ... ... . .......

The vectors of the shielding field measured at distances between 3
and 12mm (every 1mm) above the surface of disk #2 at 50K and
at applied magnetic fields of 33, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-
nitude of the shielding field in each Figure. Distances —7.5mm

and 7.3mm mark the disk’sedges. . . . . . .. ... ... .. ..
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1.0.2

1.0.3

1.04

The vectors of the trapped field measured at distances between
3 and 12mm (every lmm) above the surface of disk #2 at 50K
and at applied magnetic fields of 33, 50, 100, 200, 375 and 700G.
The magnitude of each vector is proportional to the magnitude of
the total field at the same position normalized to the maximum
magnitude of the trapped field in each Figure. Distances —7.5mm
and 7.3mm mark the disk’s edges. x5 marks the magnification of

the VectorS. . . .« « v e e e e e e e e e e e e e e e e e e e e

The vectors of the shielding field measured at distances between 3
and 12mm (every 1mm) above the surface of disk #2 at 70K and
at applied magnetic fields of 33, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-
nitude of the shielding field in each Figure. Distances —7.5mm

and 7.5mm mark the disk’sedges. . . . . . . ... ... ... ..

The vectors of the trapped field measured at distances between
3 and 12mm (every 1mm) above the surface of disk #2 at 70K
and at applied magnetic fields of 35, 50, 100, 200, 375 and 700G.
The magnitude of each vector is proportional to the magnitude of
the total field at the same position normalized to the maximum
magnitude of the trapped field in each Figure. Distances —7.5mm
and 7.5mm mark the disk’s edges. x2, x10, and x20 mark the

magnification of the vectors. . . . . . . ... ... .. .. ...,

171
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1.0.5

1.0.6

2.0.1

The profiles of the axial (a) and radial (b) magnetic shielding
fields in a zero-field-cooled disk #2 at 700G, and 70K, which were
measured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J, = 1.75 x 10 A/cm? over the entire

disK. . . . . . e e e e e e e e e e e e e e e

The profiles of the axial (a) and radial (b) magnetic trapped fields
in a zero-field-cooled disk #2 at 700G, and 70K, which were mea-
sured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental

data and the solid lines are the theoretical fits which use the Bean

174

current distribution with J, = 2.5 x 10 A/cm? over the entire disk.175

The vectors of the shielding field measured at distances between 3
and 12mm (every lmm) above the surface of ring #1 at 50K and
at applied magnetic fields of 35, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-

nitude of the shielding field in each Figure. Distances +4.25mm

and £2.50mm mark the outer and inner ring’s edges, respectively. 177



2.0.2

2.0.3

2.0.4

The vectors of the trapped field measured at distances between 3
and 12mm (every 1mm) above the surface of ring #1 at 30K and
at applied magnetic fields of 35, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-
nitude of the trapped field in each Figure. Distances +4.25mm
and +2.50mm mark the outer and inner ring’s edges, respectively.

x2, x20 and x100 mark the magnification of the vectors. . . . .

The vectors of the shielding field measured at distances between 3
and 12mm (every 1lmm) above the surface of ring #1 at 70K and
at applied magnetic fields of 35, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-

nitude of the shielding field in each Figure. Distances +£4.25mm

and £2.50mm mark the outer and inner ring’s edges, respectively. 179

The vectors of the trapped field measured at distances between 3
and 12mm (every 1lmm) above the surface of ring #1 at 70K and
at applied magnetic fields of 35, 50, 100, 200, 375 and 700G. The
magnitude of each vector is proportional to the magnitude of the
total field at the same position normalized to the maximum mag-

nitude of the trapped field in each Figure. Distances +4.25mm

and +2.50mm mark the outer and inner ring’s edges, respectively. 180



2.0.5

2.0.6

2.0.7

The profiles of the axial (a) and radial (b) magnetic shielding
fields in a zero-field-cooled ring #1 at 700G, and 50K, which were
measured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J. = 3.61 x 10 A/cm? over the entire

width of thering. . . . ... .. ... ... ... ... .....

The profiles of the axial (a) and radial (b) magnetic trapped fields
in a zero-field-cooled ring #1 at 700G, and 50K, which were mea-
sured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J. = 3.73 x 108 A/cm? over the entire

width of thering. . . . . ... ... .. ... ... ... ...,

The profiles of the axial (a) and radial (b) magnetic shielding
fields in a zero-field-cooled ring #1 at 700G, and 70K, which were
measured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J. = 1.12 x 10% A/cm? over the entire

width of thering. . . . . ... . ... .. ... ... .......
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2.0.8 The profiles of the axial (a) and radial (b) magnetic trapped fields
in a zero-field-cooled ring #1 at 700G, and 70K, which were mea-
sured as a function of an increasing distance above the sample
from 3 up to 12mm. Open symbols represent the experimental
data and the solid lines are the theoretical fits which use the Bean
current distribution with J, = 2.82 x 10° A/cm? over the entire

widthofthering. . . . . ... ... ... .. ... ... ..... 184



Chapter 1

Introduction

High current density flowing at a tolerable low dissipation is one of the require-
ments for high temperature superconductors (HTSC) to be technologically useful.
Immediate applications would be a large scale power technology such as supercon-
ducting magnets, energy storage power systems, current leads, etc. Unfortunately,
bulk HTSC exhibits low current carrying capacity (eg. in Y;BasCu30;_s (YBCO)
J. > 10~ 1024/cm? at 77K) and dissipation, which limit the expected technological
applications. The reason for very low values of J. in bulk HTSC is the sample’s gran-
ularity which can be visualized as a collection of small grains (of a few micrometers
in size) coupled by intergrain weak links (tunnel junctions). Low values of the critical
current are due to the small magnitude of the critical current flowing through the
intergrain regions . Structural imperfections, impurity phases and non-stoichiometry
stimulate the formation of weak links. Special techniques, such as growth from a melt
[1], have been developed to overcome the weak link problem. The method allows one
to produce grain-aligned materials. The resulting grain boundaries are low-angle ones
in contrast to high-angle ones that are present in standard ceramic samples. As a
consequence, the coupling between the grains in a grain-aligned material increases,
which leads to the higher value of the intergrain J. of the order of 108 —10* 4/cm? at
77 K in YBCO. However, this value is still smaller than that of YBCO epitaxial thin
films which is approximately 10® ~ 106 A/cm? at 77 K, which suggests that thin films
behave like strongly coupled superconductors. Therefore, the studies of the critical

current and its dissipation using epitaxial, single phase, c-axis oriented YBCO could
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help one to understand the physical origin of high critical current density and its
relationship to intrinsic properties of thin films. This is important from the point of

view of fundamental theories and future technological applications.

It is known that in conventional superconductors, J, is limited by depairing
and magnetic flux depinning processes {2, 3]. In the former case, the magnitude of
the critical current (depairing critical current) is determined by pair-breaking and
subsequent suppression of the order parameter of the superconductor. In the latter
case, the magnitude of the critical current (depinning critical current) is determined
by the magnetic lux movement and the pinning forces. If the flux lines move in
response to the Lorentz force exerted by the current, a voltage is induced in the
superconductor, according to Maxwell's equations. The superconductor can support
the current if the flux lines are held in place by the pinning forces (and also by the

interactions with the rest of the flux line lattice).

The first question is: could one distinguish between both types of the critical
current in HTSC? In order to identify depinning critical current, this would require
the measurement of the dissipation of the current from the critical level. The second
question is about the origin of the temperature dependence of the critical current
density J.(T') in high temperature superconductors. The results of the measure-
ments of J.(T) in HTSC thin films, single crystals and granular materials revealed
that J. has a similar temperature dependence to that of a Superconductor-Normal
Metal-Superconductor (SNS) or a Superconductor-Insulator-Superconductor (SIS)
junction [4]. For conventional granular superconductors, Clem et al [5] have shown
that J.(T") has an Ambegaokar-Baratoff dependence at low temperatures (character-
istic of Josephson tunnel junctions) which exhibits a crossover to a Ginzburg-Landau
(1- T/Tc)% dependence near T.. In this model the superconductor consists of an

array of weakly coupled grains with a lattice parameter ag. The crossover occurs

at the temperature for which the Josephson coupling energy of a junction between



the grains is approximately equal to the superconducting condensation energy of a
grain. This generates the third question, whether this model is appropriate to de-
scribe the behavior of J.(T) in HTSC. So far it has been successful in explaining
electromagnetic properties of granular HTSC samples [6] . The validity of the Clem'’s
model‘could be extended to YBCO epitaxial thin films and single crystals due to the
growing experimental evidence of the intragrain microgranularity. For example, the
recent measurements of the dynamic resistance of YBCO single crystals [7] suggest
the presence of intra- and inter-unit-cell Josephson junctions implying the presence of
the Josephson junction array in the grains. The presence of intragrain granularity in
single crystals of YBCO has been suggested first by Daeumling et al [8] and Osofsky
et al [9]. Electromigration experiments in YBCO thin films by Moeckly et al {10]
indicated that regions of strong oxygen disorder could result in a network of super-
conducting filaments within the bulk film. Superconductivity across a grain boundary

is believed to arise from an overlap of these filaments [10, 11].

For the depinning critical currents in HTSC it is important to study the nature
of the dissipation of the critical current. The related questions are about the type of
the weak pinning centers that are responsible for the decay of the current and their

relationship to the intragrain microgranularity.

In the present work we investigated mainly the dependence of the critical cur-
rent on the intrinsic properties of YBCO thin films deposited, using different methods,
on LaAlOj3 and SrTiOj substrates. The films were characterized by high J, of the
order of 106 — 107 A/cm? at 10 K, and T, over a range of 81-91 K. Granular YBCO
samples were used in some cases in order to compare the temperature dependence of
the intergrain critical current with that measured in YBCO thin films.

Our main objectives were to perform the following experiments:

(1) The measurements of the temperature dependence of J. in YBCO thin films and



granular bulk samples in order to identify the physical processes which limit the

critical current;

(2) The measurement of the decay of the transport current as a function of temper-
ature in order to identify which type of structural defect is responsible for weak

pinning of magnetic vortices and consequently for the dissipation of the current;

(3) The measurements of the spatial distribution of the magnetic fields above the
superconducting sample in the complete and partial flux penetration states, in
order to analyze the changes in the distribution of the critical currents in the

sample at different temperatures.

These three experiments allowed us to test available theories of J.(T'), vortex pinning
and the critical state in YBCO thin films. We anticipated that they could provide

answers regarding:

(a) The physical mechanisms responsible for the behavior of the critical current and
its dissipation, whether they are intrinsic in nature, or they are determined
by the growth condition of YBCO thin films, and by their superconducting

parameters such as the magnitude of J. and T..

(b) The correlation between the temperature dependence of the critical current and

the dissipation process.

The experiments were performed using an unconventional technique which uses a
superconducting ring in a persistent mode and a scanning Hall probe in order to
measure the profiles of the axial components of the magnetic field generated by the
persistent current circulating in the ring. This technique offers more advantages if
compared to standard four-probe (I-V) and ac-magnetic-induction methods. It allows

one to record both the magnitude of the critical current as a function of temperature,



and the relaxation of the current from the critical level. Using rings in the persistent
mode eliminated an unwanted contribution of normal currents to the measured value
of the critical current. Using a scanning Hall probe eliminated the need for electrical
contacts and consequently any heating effects. A Hall probe also permitted us to
test the critical state in YBCO thin films, by the measurement of both the axial and
radial components of the magnetic field above the sample, which were followed by a

computer simulation of the current distribution.

In the following three sections, we address in detail the problems presented
above. These are: (1) Temperature dependence of the critical current; (2) Dissipation
of the persistent current and associated vortex dynamics and; (3) Distribution of the

currents and the critical state in YBCO thin films.

[J]]



1.1 Temperature dependence of the critical cur-

rent

1.1.1 Theoretical Models

In this section, we present a brief description of the theoretical models, which have
been applied to explain the behavior of both the intragrain and intergrain J.(T) in

high temperature superconductors.

Proximity Effect (DeGennes model) :

DeGennes [12] considered the Superconductor-Normal-Superconductor (SNS) junc-
tions. Proximity effect results when a normal metal is deposited onto a superconduc-
tor. If the electrical contact is of a sufficiently good quality, the normal metal will
alter the order parameter ¥ close to the interface. Superconductivity can be induced
in the normal metal within a sheath of thickness £y, called the normal metal coher-
ence length. For the junction between two superconductors, if the insulating material
is replaced by a normal metallic layer (SNS junction), Cooper pairs can diffuse into
the normal layer between the two superconductors [12]. The critical value of the

current through the junction (due to the diffusion process) is given by
I, x (T = T.)? exp (—~2dn/&n(T)) (1.1)

where 2dy is the barrier width. Near T, the current through the junction has a

quadratic dependence on temperature

I(T) < (T. = T)* (1.2)



Ambegaokar-Baratoff model:

Josephson [13] has shown that the supercurrent which flows between two supercon-
ductors separated by a tunnel barrier ( SIS junction) is related to the phase difference

v = @) — o between the order parameters in the two superconductors according to
I = I .sinvy (1.3)

where the critical current I, is the maximum Josephson current which can flow across

the junction.

By applying the BCS theory, Ambegaokar-Baratoff [14] worked out an exact
result for the temperature dependence of I, for the Josephson tunnel junction. For

a symmetrical SIS junction , I.(T) is expected to have the following temperature

dependence:

_ mA(T)

I.= tanh A(T)

2€Rn Qk‘BT

where R, is the normal state resistance and A is the energy gap. Close to T, I

(1.4)

varies linearly with temperature (I.(T') x (T, — T)).

Clem’s model:

Clem [5] assumed the Josephson-coupled grain model [15] in which the grains are
arranged in a cubic array with lattice parameter ag and coupled by identical Josephson
tunnel junctions. The critical current due to the tunneling between the grains is given
by the Ambegaokar Baratoff (AB) expression (Eq. 1.4) and the critical current density
is

J(T)=1./A (1.3)
where A = a3 (for three dimensional array ) or A = aod (for two dimensional ar-

ray) is the cross-sectional area of the grain with d being the average thickness of



the grains. The AB model does not account for the ability of the supercurrent to
suppress the gap parameter and predicts that J.(T') varies linearly with temperature
close to T.. Clem modified the AB model by using a Ginzburg-Landau-like free-energy
functional approach to account for the current-induced gap suppression. Clem intro-
duced a dimensionless parameter £ = E; /2E,, where E; = (f/2e)], is the Josephson
coupliﬁg energy with Iy being the Ambegaokar-Baratoff critical current near T, and
E, = (H,_.: /87)V, is the intragranular condensation energy, with V;, being the average
volume of the grain. € also can be expressed as € = (2£3/a2), where £;(T) is the
Ginzburg-Landau temperature-dependent coherence length. When € <« 1 (weak cou-
pling limit), the intergranular currents are too small to suppress the order parameter,
and the critical current density is given by Eq. (1.4). In this limit, the effect of
granularity is pronounced, and the Josephson weak links dominate the critical cur-
rent . When £ >> 1 (strong coupling limit), current induced suppression of the order
parameter becomes important, and close to T the critical current is given by the

Ginzburg-Landau theory in the form

Jo(T) « (1 = T/T.)? (1.6)

Tinkham’s Model (fux creep model):

Tinkham [16] considered the case when the critical current in a superconductor is

limited by flux creep. J.(B,t) where t = T'/T,, is given by
J.(B,t) = J.(B,0)[1 — a(B)t — Bt? (1.7)

for t « 1, with B being the magnetic flux density. The coefficient J is related to the
temperature dependence of the free-energy difference between pinned and unpinned
flux quantum, expanded in the form U(B,t) ~ U(B,0)(1 — 3t?). The coeflicient a(B)
is given by a(B) = (kT./U(B,0))In(aBSY/Enpi,) where a is the average hopping
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distance of the flux quantum, € is the attempt frequency for escape of the flux

quantum, and Epn;, is the electric field criterion that defines J..

1.1.2 Temperature dependence of the intragrain and inter-

grain critical current in YBCO

The measurements of temperature dependence of the critical current /.(T) in thin
films, single crystals and granular bulk samples have been carried out in order to dis-
tinguish between different models of supercurrent limiting mechanisms. Most mea-
surements of I.(T) over a temperature range of 4-90 K were done on YBCO thin
films and on thin film YBCO/YBCO junctions. The reasons for that were the ex-
perimental difficulties (like heating effects) in measuring high critical currents at low
temperatures on bulk samples, exhibited by standard I-V four probe and ac-magnetic
induction methods. The Tinkham model [16] and the Ginzburg-Landau theory [17]
were employed in order to explain I.(T) of the intragrain critical current. The inter-
grain [.(T) was interpreted using theories developed by Ambegaokar-Baratoff [14],
DeGennes [12] and Likharev [18]. Regarding the intragrain critical current, the ex-
perimental data for YBCO thin films revealed three different dependencies of /. on
temperature, which are characterized by a “convex” upward curvatures [19, 20] (char-
acteristic of an Ambegaokar-Baratoff type temperature dependence), a quasi-linear
behavior [19, 20, 21, 22, 23}, and “concave” downward curvature (a Ginzburg-Landau-
like dependence) [19, 20, 23, 24, 25, 26, 27] [1.1.1). The data of Mannhart et al
[19] showed the transition from a quasi-linear temperature dependence of I. at zero-
magnetic field to a concave temperature dependence upon application of high fields
of 0.5-1.0 T. The crossover from a quasi-linear to a concave temperature dependence
was also seen by Jones et al [21] upon reduction of the oxygen content. In most cases,

Tinkham's model [16] for a flux-creep-limited I.(B,T) has been applied in order to
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Figure 1.1.1: Ambegaokar-Baratoff-like type temperature dependence of the critical
current and Ginzburg-Landau-like dependence.

explain a convex and a quasi-linear-like temperature dependence of I.. A concave be-
havior of I.(T) was in general interpreted as due to the presence of an intragrain SNS
weak-link structure. Regarding the intergrain critical current, the available experi-
mental data showed a convex temperature dependence of I, across a grain boundary
of thin film bicrystals of YBCO and a concave one across YBCO/YBCO thin film
junctions containing Y;Bag(Cu,;_,Co.)O7_s normal layer [28]. In the former case, it
has been suggested that the results are consistent with Likharev’s model [18] which
predicts I.(T) for dirty SNS junctions, however, the possibility that I.(T) can be
described by Ambegaokar-Baratoff’s theory [14, 12] for SIS junctions has not been
ruled out. In the latter case, it has been claimed that the conventional proximity
effect of DeGennes [12], modified by pair-breaking scattering, predicts the observed
I.(T). The available data for I.(T) in YBCO single crystals are those of Gough et
al [29, 30] who measured the transport I.(T) over a temperature range of 4-70 K
on YBCO single crystal rings using ac hysteresis loops and those of Thompson et al
[30, 31] (in a field of 1T parallel to the c-axis) and Abulafia et al [31], who measured

the magnetization over a temperature range of 3-77 K. The results show a concave

10



(downward) curvature of I.(T').

The experimental fact that both the intragrain and intergrain critical currents
exhibit similar dependencies on temperature, and variety of theories applied to in-
terpret the same behavior of I.(T) imply lack of consensus about the supercurrent

limiting mechanism in YBCO for both intragrain and intergrain transport currents.

In view of the above, we decided to investigate the temperature dependence
of the critical current in c-axis-oriented thin films of YBCO characterized by vari-
ous superconducting transition temperatures, and in granular samples of YBCO as
a function of the applied magnetic field. The results revealed the crossover from an
Ambegaokar-Baratoff-like to a Ginzburg-Landau-like temperature dependence of I.
for both intragrain and intergrain current. The experimental data were interpreted
using Clem’s theory [3] of the crossover effects from an Ambegaokar-Baratoff to a
Ginzburg-Landau behavior of I.(T) in conventional granular superconductors. The
crossover was observed for both depairing and depinning critical currents in c-axis-
oriented YBCO thin films and in granular YBCO samples. The experimental data
implied the presence of nanometer-size superconducting domains coupled by Joseph-

son tunnel junctions in the a-b planes of YBCO thin films.

1.2 Dissipation of the persistent current and the

magnetic vortex dynamics

1.2.1 Theoretical Models

It is known that the magnitude of the depinning critical current depends on the
vortex motion and the associated energy barrier Ugg. The Lorentz force exerted by

the current of density J, overcomes the pinning forces which hold the magnetic flux

11



lines in place, and consequently stimulates the movement of the flux. Since the drift
velocity of the flux lines depends on the pinning energy barrier Ugg, it is essential to
know what is the dependence of U,g on the current density J. So far many theoretical
models of U,g(J) has been proposed. In the section below we describe the models,
which have been frequently used in order to explain the magnetic relaxation in high

temperature superconductors.

Anderson-Kim Model:

The standard analysis of magnetic relaxation, due to the thermally activated motion
of flux lines out of the potential wells aided by the Lorentz force, was initially de-
veloped by Anderson and Kim [32]. At current densities J close to the critical value
J.., the dependence of the energy barrier U,g(J) on the current for the flux bundle

motion is assumed to be linear

Uggg(J) = Up — JBVa = Up(1 — ;-) (1.8)

where J is the current density, B is the magnetic induction, V' is the flux bundle
volume, a is the hopping distance and Uj is the apparent pinning potential at zero
current density . The model gives a logarithmic dependence of the current density J

on time due to flux creep, according to the equation

Jt) ~ JO)L = 2L + Ly, (1.9)
Up to

where ¢ is the characteristic time and kg is the Boltzmann constant. The apparent

pinning potential is then given by

3 dJ kgT
Up = —ksTJ(0)/(5) = = (1.10)

where § = ~(1/J(0))(d1n J/dInt) is the normalized relaxation rate .

12



Logarithmic U.g(J) model :

Zeldov et al. [33] suggested a phenomenological form of the energy barrier in order
to account for the J — E data close to the irreversibility line in YBCO thin films

according to the equation

Ueg(J) = U ln (J./J) (1.11)

In this model the decay of the current density due to the motion of vortices is given

by

o

(1.12)

kgT

T+t "t

J(t) = J. ( ) °
p

where 7 is the characteristic time related to the attempt hop frequency and 7; is the

time at which the “steady state” relaxation starts [34].

Vinokur et al [35] stated that this model is the exact result for the case when
the vortex motion is controlled by intrinsic pinning in a layered superconductor (with
the magnetic field parallel to the layers) and it is also a good approximation of the

activation barrier in the single-vortex-creep regime.

Vortex glass and collective pinning models:

The Anderson-Kim approximation (Eq.1.8) is only valid when Uy > kgT'. This is
generally true in conventional superconductors but not in high temperature supercon-
ductors where the ratio Up/kpT is much smaller. This results in rapid relaxation of
the supercurrent. The relationship between U,g and J is usually non-linear, contrary
to Eq. (1.8). The vortex glass [36] and collective pinning models [37] were suggested
to explain this non-linearity. Both models take into account the interaction between
flux lines during their collective motion. They present similar pictures for vortex

motion and share the same inverse power-law expression for Ueg(J) which can be

13



generally expressed as [36, 37]

N AV
Uegt = U (—J-) | (1.13)

with g < 1 for the vortex model. In the collective-pinning model, i is determined
by the pinning regime (single vortex, small bundles or large bundles) and the dimen-

sionality of the system [37]. In a three dimensional system:

p= -.l,— for single vortex hopping (large currents J ~ J.)
u= % for small vortex bundles hopping (intermediate currents J < J;)
u= -;- for large bundle hopping (small currents J < J.)

In a two dimensional system:

U= g— for small vortex bundles (large currents J < J..)

§= % for large vortex bundles (small currents J < J.)

In order to satisfy U.g = 0 at J = J., Eq. (1.13) should be modified to

Uut = Uo [(%)” - 1} (1.14)

which does not change the physical picture. The collective pinning theory vields the

current dissipation according to

J(t) ~ J (1 +HeT (1 + i)) ’ (1.15)
Uo to

with the normalized relaxation rate S given by
U t
S=T/ [—°+uTln (—)] (1.16)
kg to

Both the logarithmic and the power-law activation barriers U,g diverge in the limit

of J=0.
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1.2.2 Dissipation of the persistent current and flux pinning

in YBCO thin films

It has been argued that the fast relaxation of the persistent current from its crit-
ical value in high temperature superconductors can be attributed to the thermally
activated motion of vortices between weak pinning centers [37]. According to the
collective pinning theory, the weak short-range disorder is responsible for the pinning
[38]. Two types of pinning were considered: é7. pinning, which is associated with
the disorder in the transition temperature 7., and ¢l pinning, which arises from the
spatial variations in the charge carrier mean free path 1 near lattice defects. The
critical current and the pinning energy have been studied by Griessen et al [39] in
Y1BayCu30;_s; (YBCO) thin films over a wide range of temperatures (10 — 80K)
using a torque magnetometer and a magnetic field sweeping technique. The authors
suggested that for B < 2 Tesla and T < 80K, the temperature dependence of the
critical current and that of the pinning energy could be understood in the framework
of the él-pinning of single vortices pinned by randomly distributed weak pinning cen-
ters. Moreover, they argued that the independence of the dl-pinning mechanism on
the thin film growth conditions and substrates suggests that the source of the 4l-
pinning is related to randomly distributed oxygen vacancies, as pointed out earlier by
Tinkham [16]. Subsequent work by the same group [40] on oxygen-deficient YBCO
thin films, supported the model of a single vortex pinning by spatial fluctuations in
the charge carrier mean free path. On the other hand, it has been found (taking
into account an increase in anisotropy with a decreasing oxygen content) that the
pinning energy and the critical current density systematically decrease with an in-
creasing oxygen deficiency leading to the conclusion that the oxygen vacancies are
not the main source of pinning in YBCO films. Berghuis et al [41] performed the

current-voltage measurements in order to probe the activation barriers for flux creep



in thin films of YBCO at 77K and fields up to 8T. They argued that in the low-
field regime flux creep may be dominated by extended strong pinning centers such
as densely distributed twin boundaries or screw dislocation cores. When the vortex
density exceeds the density of the strong pinning centers, weakly pinned vortices start
to affect the flux-creep characteristics e.g., by shearing along strong pinning centers.
Hyltoﬁ and Beasley [42] proposed a model of pinning in the CuQ, planes of YBCO
thin films with very large critical current densities. Their analysis of typical pinning
energies and critical current densities indicated that the pinning is due to a very large
density of point defects, beyond the density of the extended defects seen in typical
transmission electron micrographs. The model predicted a spacing between defects
between 38 and 53 A which is much smaller than the typical 500 A or higher spacing
between the extended defects. The authors pointed out that if the values of 38-33
A were the spacing between the extended defects, then the pinning energv should
be about 1.3 eV which is significantly higher than the experimental values. They
suggested that the pinning must be due to a large density of local defects, caused
for example by small regions of reduced-order parameter in the strongly conducting
CuO, plane pairs. Recent high resolution electron microscopy investigations at 300
K by Etheridge at Cambridge University [43] of Y; Ba;Cu30;_; (6 < 0.1) revealed the
presence of the electron diffraction patterns due to cells of size approximately 10-20 A
in the a-b planes, in addition to those due to twin boundaries with spacing about 500
A . The cells form an irregular network with walls aligned about 45° to the < 100 >
and < 010 > axes (a-b axes), and arise from a local perturbation of the charge den-
sity distribution. This is an apparently universal feature, present in YBCO samples
prepared in different ways and imaged in different microscopes. It was suggested that
YBCO (6 < 0.1) “buckles” into a network of slightly misaligned cells in a struggle
to relieve internal stresses. The coarse order of the cells across each crystal implies

the influence of long-range strain fields. The two dimensional networks of cells are
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correlated along the ¢ axis. Our earlier studies [44] of the temperature dependence
of the critical current in YBCO thin films also implied the presence of Josephson
nanostructures formed by superconducting microdomains (of an effective size about

30-40 A) coupled by Josephson tunnel junctions in the a-b planes of YBCO.

_One of the important questions that is related to the presence of the a-b plane
Josephson nanostructures is how this kind of structure could influence magnetic flux
pinning and consequently the dissipation of the transport current. In this study, we
investigated this problem in c-axis oriented YBCO thin films over a wide temperature
range. We chose films of various thickness and 7, that were grown on different sub-
strates using various deposition methods. These thin films have allowed us to study
whether the dissipation is intrinsic in nature or whether it is affected by extended
defects such as twin boundaries or dislocations. We have used ring-shaped thin films
in order to generate a circulating persistent supercurrent at the critical level. The
persistent current’s self-field was measured by a scanning Hall probe which was also
applied to record the time-decay of the self-field over a time range up to 30000s, at
temperatures over a range of 10-90 K. This procedure is equivalent to a standard
procedure of measuring relaxation of remnant magnetization in a SQUID magne-
tometer. We have measured the relaxation of the persistent current from the critical
level and calculated the dependence of the effective barrier U,g(J) for vortex motion
on the current density using Maley’s method [43]. Upg(J) was then compared with
the temperature dependence of the critical current J.(T). An empirical formula for
Uegr(J) was found to depend on a particular regime of J.(T'), which is represented
by either an Ambegaokar-Baratoff-like or a Ginzburg-Landau-like behavior. U,g(J)
is independent of thin film growth conditions, substrate, film thickness and T, sug-
gesting that an intrinsic property of YBCO is responsible for the dissipation of the
persistent current. Discussion of these results is provided within the framework of

the resistively-shunted Josephson junction (RSJ) model, in which the a-b planes are
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described as a collection of superconducting domains, each comparable in size to the

coherence length and coupled together by resistively-shunted Josephson junctions.

1.3 Distribution of the currents and the critical

state

1.3.1 Theory of the critical state in a superconducting disk

In the Bean critical state model [46] it is assumed that there exists a relationship
J.(B) such that the critical current is solely determined by B at any point in the
superconductor. The specimen is capable of sustaining virtually lossless currents up
to J.(B), but not beyond. In a quasi-steady state the vortices penetrate only to a
certain distance in such a way that the magnitude of the local current density J is
reduced to the level of the critical density J. [47]. In general, J. depends upon the

local flux density B, but in the Bean model J. is assumed constant.

Mikheenko and Kuzovlev [27] and Zhu et a! [48] applied the critical-state
theory to thin film disk-shaped type II superconductors in the perpendicular external
magnetic field and presented analytical solutions of the field and the current patterns

in the disk under the following assumptions :

(a) the film thickness d is approximately less than 2\, where ) is the London penetra-
tion depth. Circulating currents are treated as having uniform density through-

out the thickness of the superconductor.

(b) the external magnetic field H, is assumed weak enough so that the critical current

in the film is independent of the local density of trapped vortices.
In a superconducting thin film disk, shielding currents are generated when an
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external field H, is applied. Mikheenko and Kuzovlev assumed that | J |= J. is
constant within the vortex-penetrated region which has the form of a ring of inner
radius a(H,) and outer radius R. The inner region p < a is in the Meissner state (i.e.
vortex-free region). The current distribution is determined as a linear combination of

both distributions in the following form:

- o(E=?)7
Jo(p) = { (2J./) arctan [R(—,——?-a = ) ] forp<a (1.17)
-J. fora<p<R

where a represents the minimum distance from the disk center to the region where

the vortices penetrate

B
~ cosh (H,/Ha)

here Hy = (27 /c)J.d is a characteristic field for disk geometry.

(1.18)

If the external field is monotonically decreased from H, to afield H (| H |< H,),
the vortices near the outer radius R experience a Lorentz force that drives them out
of the sample as the field is initially decreasing [49]. The resulting current-density

profile is given by Zhu et al [48]

—(2J./w) arctan [ ( )5 + (4J./7) arctan [%(f::p:)i] forp<a
JolP) =1 —J. + (4J./7) arctan[ (R 5] fora<p<b
+J. forb<p<R
(1.19)

Note that Jy(p) = J. within an annulus of inner and outer radii b and R, where

_ R
" cosh[(H — H,)/2H,|

(1.20)

When the external field is reduced to H = 0, we obtain the trapped field case and
b= R/cosh(H,/2H,)
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1.3.2 Current distribution and magnetic flux penetration in

YBCO thin films

Studies of the magnetic flux penetration into superconducting thin films have been
recognized as those which provide important information on critical currents, on dis-
tribution of shielding currents and weak links, on demagnetization effects, and on
complete and partial flux penetration states. Results obtained on thin films of circu-
lar geometry, such as a disk or ring, (which ensures homogeneous penetration of flux)
seem to be particularly useful due to the need for verification of the conventional crit-
ical state model. Penetration of magnetic flux into disk-shaped thin films of YBCO
has been studied with the magneto-optical Faraday rotation method [50, 31]. Calcu-
lation of the distribution of both the axial and radial components of the magnetic field
across a thin circular film has been performed by Theuss et al [52] for film thickness
smaller than the London penetration depth. Good agreement was obtained between
the calculated distribution of the axial component of the field and the experimental
data [51]. However, the authors admitted that the magneto-optical measurements
do not provide an evidence of a complete flux penetration (which is, on the other
hand, given by the saturation of dc magnetization in an increasing applied magnetic
field) due to the insensitivity of a central fringe area, of width about 20% of the
disk’s radius, to the penetrating magnetic field. The available experimental data are
insufficient to explain deviation of the magnetic flux distribution from that predicted
by the conventional critical state model. This applies both to the distribution of
the radial component of the magnetic induction B, for which there are recorded no
experimental data, and to the distribution of the axial components B,, with missing
temperature and magnetic field dependence of the complete flux-penetration-states.
This information is crucial for the analysis of the critical state model (and its appli-

cability to thin film superconductors) which has been proposed by Theuss et al [52],
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Diumling and Larbalestier [60], Conner and Malozemoff [54], and Brandt [535]. The
leading conclusion of this analysis is that in the case of thin film circular samples,
the critical state model requires modification by taking into account the dominat-
ing influence of the gradient of the field component dB,/3z on the critical current
density J. = (1/uo) (0B, /8z — 0B,/dr) where 8B, /dz is much larger than 3B, /0r.
Theret;ore, the critical state in the disk occurs rather through the thickness d, and not
the radius r. Theuss et al [52] showed that in the absence of the experimental data
for the radial component B.(r), one could calculate it using experimental results for

B_(r). Their computation consists of the following steps:

(a) Fitting of the current distribution I(r) to the Biot-Savart-law, so it

could reproduce the experimental distribution of B.(r);

(b) Calculation of the radial component B,(r) from the Biot-Savart-law

using the current distribution I(r);

(c) Estimationof 9B,/dz by taking 8B, /dz ~ 2B,(d/2)/d [where B.(d/2)
is the field on the surface] under the assumption that B.(z) vary

smoothly through the film thickness d.

This procedure was used to compare the dB,/0r ~ B.(R)/R term (where R is the
radius of the thin film disk) with that for 8B,./3z = 2B,(d/2)/d in the formula for
the current density. Comparison of the experimental B;(r) with the calculated B,(r)
shows that at low magnetic inductions B,.(d/2) on the disk’s surface and B.(R) on
the disk’s surface and at the disk’s edge are of the same order of magnitude. This

implies that 8B, /0z is greater than 8B, /0r approximately by a factor of R/d.

Mikheenko and Kuzovlev [27] derived an exact analytical expression for the
shielding current and the corresponding field distribution in thin film disk-shaped type

II superconductors in perpendicular external magnetic fields (see previous section).
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Zhu et al [48] further developed the theory of Mikheenko and Kuzovlev for the case
when the external applied field is reduced from H, to H (| H |< H,). In both cases
[27, 48] the critical state model was assumed and the critical current density was
taken as independent of the external field. This latter assumption was based on the
experiments by Theuss et al [52] with YBCO thin films, who found a weak magnetic
field dependence of J. at fields up 1 kG. Clem et al [49] extended the results of
Mikheenko and Kuzovlev [27] and Zhu et al [48] in order to calculate the critical-
state current-density, the flux-density profiles and the ac susceptibility components
for a thin film superconducting disk under a varying (periodic) external magnetic
field. Brandt el al [36, 57] and Darwin et al [58] analyzed the critical state in thin
superconducting strips and slabs and revealed that the critical state behavior is similar
in many respects to that of thin-film disks. Frankel [39], Ddumling and Larbalestier
[60] and Conner and Malozemoff [54] used numerical methods to obtain field and
current patterns in disk-shaped superconducting films, assuming either magnetic field-
independent or field-dependent critical currents according to Kim model [61] . In the
latter case, the calculations with an iteration procedure were used to reproduce the
axial component B.(r) of the local magnetic field . Xing et al [62] used an inversion
scheme to derive the local currents in a thin film superconductor using the magnitude
of B. measured close to the surface. Wijngaarden et al [63] extended an inversion

scheme method in order to include samples of arbitrary thickness.

In all previous studies described above only the measured axial component
of the magnetic field was used either to extract the current distribution or to verify
an assumed current density. The radial field was subsequently calculated from the
obtained current distribution. The reason for this was the absence of the experimental
measurements of the radial component B,. In the present work, we extended the
studies of the critical state by measuring both radial and axial fields above thin films
(disk and ring). This allowed us to find the distribution of the field lines above the
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sample and to calculate the distribution of the currents respounsible for the observed
fields in incomplete (partial) and complete flux penetration regimes. Note that in
this thesis, we use the following terminology: incomplete (partial) and complete flux

penetration regimes instead of partial and full critical states.

_We also performed additional investigations of B(r) by performing the follow-

ing experiments:

(a) Measurements of the temperature and magnetic field dependence of incomplete-

complete flux penetration states;

(b) Measurements of the time dependence of the B,(r) profiles for incomplete and

complete flux penetration states, and

(c) Measurements of the magnitude of the applied magnetic field required for a com-

plete flux penetration.

Transverse and axial scanning Hall-probes have been used in this study. The
Hall probe-scanning system provides better accuracy regarding the measurement of
a magnitude of the magnetic field than the corresponding magneto-optical Faraday
effect method. It is also free of the unwanted change in sensitivity, shown by a
magneto-optical method [52], during the measurement of the field distribution be-
tween the edge and the center of the disk-shaped sample. The Hall-probes allowed
us to measure, with high accuracy, the time-dependent changes in B(r) at any point

along the disk’s diameter.

The obtained experimental results were compared with the predictions of the

existing critical state models [52, 60, 54, 55, 27, 48].
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Chapter 2

Experimental Procedures

2.1 Introduction

Standard measurements techniques usually applied to study critical currents and
their relaxation in high temperature superconductors are dc and ac magnetization
measurements and a [-V transport measurement. In magnetization measurements,
one determines J. as a density of the current circulating within a grain. The critical
state model (Bean’s model] [46]) is used to relate magnetization to J.. According
to this model when an external magnetic field H (equal to a field at which a com-
plete flux penetration occurs) is applied to a superconductor of a dimension D, the
superconductor responds to this new situation by setting up the surface currents of
J. = H/D. Therefore, the application of the magnetization method depends strongly
on the validity of the critical state model. The [-V transport measurements of the
critical current in high temperature superconductors depend on the magnitude of the
contact resistance which lead to Joule heating if the critical currents are high. Since J,
decreases with an increasing temperature, local heating results in an underestimation
of J.. The method is also insensitive to a resistive dissipation of supercurrent since
it uses a constant current generator as a source of the current. On the other hand, it
does not make a clear distinction between very low resistance and superconductivity.
A minimum resistance that can be measured is about 107 — 10~3Q , which is related
to the sensitivity of instruments; a voltage criterion of 0.1 — 10uV. The magnitude of

the critical current is set by this voltage criterion. Different criteria result in different
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values of J..

In the view of the above, an alternative technique has been developed. It uses
self-supporting (persistent) supercurrent circulating in a ring-shaped samples, and a
scanning Hall probe to measure the profiles of the persistent current’s self field above
the sample. It allowed us to determine the magnitude of the critical current flowing
in a superconducting ring as a function of temperature and magnetic field and the

corresponding relaxation of the current from the critical current level.

In the following section we describe in detail the Hall probe measurement

system.

2.2 Measurement Technique

2.2.1 Experimental set up

The scanning Hall probe measurement system shown in Figure (2.2.1) consists of a
cryogenic refrigerator (CTI22) which cools the sample to a minimum stable tempera-
ture of 10K . Thin film samples are mounted inside a copper sample holder positioned
2.5 inches above the cryocooler head (a 10K stage). An aluminum cylinder is attached
to a 77K stage of the cold head to provide a thermal shield for the sample holder.
A Hall probe is connected to a gaussmeter and a computer controlled system which
allow the measurements of the magnetic field profiles across the ring or disk diame-
ter over a scanning distance of 25mm and a constant minimum vertical distance of
2.5mm above the ring [Figure (2.2.2)]. The sensitive area of the Hall probe is 0.4rmm?
and its sensitivity is £2mG. Variation of the vertical distance with temperature at
low temperatures (over a range of 10 — 120K was tested using a copper wire wound

ring-shaped coil instead of the sample. This coil was able to produce magnetic field
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Figure 2.2.1: The measurement system.
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Persistent
Current

Figure 2.2.2: Schematic of the ring’s geometry used in the measurements of the
magnetic field profiles above the ring. Scanning direction denotes the direction of
motion of a Hall probe across the ring.

profiles similar to those generated by the persistent current in a superconducting
ring, with the magnitude at a distance of 2.3mm above the coils center over a range
of 0 — 10G. It was found that the changes in a magnetic field recorded by a Hall
probe are within 0.5 — 1.0% of the reading over the whole applied temperature range.
A Hall probe is kept at room temperature and in air in order to avoid any offsets
in the reading of the magnetic field. The Hall probe scanning distance is read by a
Mutotoyo digital micrometer device with an accuracy of 0.0lmm and a micrometer
screw is used to set the vertical distance of the probe from the sample. An external
magnetic field of up to a maximum of =~ 1 kG is generated along the ring or disk axis
by a non-superconducting (water cooled) solenoid. The sample temperature is con-
trolled over a range of 10 — 90 K with GaAlAs diode and Pt resistance thermometers,

and an inductionless heater.
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2.2.2 Sample preparation

YBCO thin films

One of the methods successfully applied to produce HTSC thin films is through
sputter deposition. It allows one to deposit stoichiometric films over a large area.
In this study, we have applied an rf magnetron sputtering technique to grow YBCO
superconducting thin films on (100) oriented LaAlO3 and SrTiO3 substrates.

The sputtering deposition system that was used to prepare YBCO thin films
consists of a vacuum chamber with a base pressure of 1 x 10~7 mtorr produced
by a cryopump, an rf magnetron sputter gun and a heater with a nickel plate and
a chromel-alumel thermocouple. A temperature controller was used to control the

substrate temperature with a stability of +1°C.

It is known that the growth of epitaxial thin films depends on the deposition
conditions and the substrates. For a sputtering deposition technique, these condi-
tions include: the substrate temperature, the O,/Ar gas pressure ratio, the total
gas pressure, the substrate-target distance, the on-axis or off-axis configuration and
the deposition rate. YBCO thin films were deposited on (100) oriented SrTiOz and
LaAlOj3 substrates (of dimensions 10 x 10 mm?) using the off-axis configuration. The
substrates were attached to the heater plate using a silver paste in order to achieve
uniform heating. Figure (2.2.3) shows details of this sputtering system. A 2-inch di-
ameter commercial stoichiometric Y;BasCu3zO7_s target of 99.999% purity was used
during the deposition. The sputtering was performed using 50W rf power at a total
pressure of 100 — 120 mtorr in 1:1, 1.5:1 and 3:1 oxygen-argon gas mixtures. The
substrate temperatures were kept between 650 and 730 °C for LaAlO3 and between
700 and 800 °C for SrTiO3 substrates. The deposition temperatures correspond to

those which are required to achieve less than 20% of a-axis growth (alignment) in the
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Figure 2.2.3: Thin film sputtering system.

c-axis oriented YBCO films according to studies done by Jeschke at al [64]. After
deposition, the chamber was filled with oxygen at a pressure of 760 Torr and the
films were subsequently cooled to 500 °C for 15 — 30 minute annealing and then to

room temperature.

We also investigated YBCO thin films that were deposited in different labo-
ratories with a dc magnetron sputtering (Westinghouse STC) and a laser ablation
technique (IBM T. J. Watson, McMaster University, CTF Systems and Purdue Uni-

versity).

Two YBCO thin films were sputter-deposited on disk-shaped (100) oriented
LaAlO; substrates (disk #1 and #2 of 15mm in diameter) using off-axis dc magnetron
sputtering from a stoichiometric YBCO target [65]. The deposition temperature was
kept at 650 — 700 °C. The dc magnetron sputtering source was operated with a power

between 40 and 80 W in argon-oxygen gas mixture of partial pressure of ~ 200 mtorr
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Ar and 20 mtorr O,. After deposition films were annealed at 400 °C in oxygen at a

pressure of 20 Torr for 15 — 30 minutes.

Laser ablated thin films were deposited on (100) oriented LaAlO3 and SrTiO3

substrates at 800 °C and 300 mtorr oxygen pressure.

-The standard photolithography technique patterning was used to pattern YBCO
thin films into rings of outer and inner dimensions of 8.5 and 5 mm or 10 and 6 mm,

respectively. A diluted phosphoric acid was used to etch ring-shape films.

YBCO granular samples

YBCO granular ceramics and YBCO/Ag (2 wt %) were prepared by the standard
solid state reaction method from high purity (99.999%) compounds. A homogeneous
powder mixture of Y303, CuO and BaC O3 was first pressed into disk shaped pellets
under 2.5 — 2.7kbar pressure. The disks were calcined in flowing oxygen or air for 24
hours at temperatures of 925 — 930 °C. The resulting product was pulverized and
a new disk shaped pellet was formed under a pressure of about 7kbar. The disks
(16mm in diameter and 3.0 — 3.3mm thick) were then sintered in flowing oxygen at
925 — 930 °C for 7 hours and cooled at variable rates down to room temperature
(3°C /minute between 925 — 700 °C and 1 °C/minute below 700 °C). For YBCO/
Ag(2 wt %) composite, silver powder was added to YBCO before the sintering process.
After sintering a 6mm diameter hole was cut in the disk center using a diamond drill
sprayed with water. Two parallel constrictions were cut along the ring’s diameter,

forming bridges of the cross-sectional area of about 3.0 — 3.5mm?.
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Thin film characterization

Measurements of the resistance vs temperature were performed on thin films deposited
with an rf magnetron technique on a narrow strip of LaAlOj3 or SrTiO; substrates
under the same conditions as the larger (10 x 10mm?) substrates that were later
used to make thin films rings. Silver contacts were sputtered on the strips and the
resistance vs temperature was measured using a four-probe method. The transition
temperature T (over a range of 83-91K) was found to be within £0.5K of that

at which J. = 0 as determined by the critical current measurement procedure (see

below).

Ac susceptibility measurements were performed on two disk-shaped YBCO
thin films used for the study of flux penetration and supercurrent distributions [66].
Two ac pickup coils were used to measure the ac susceptibility x with frequency
f =3.22 kHz and H,m, = 1.8G. The measurement of the real part of ac susceptibility
x(T) gave a transition temperature T, = 87K, for disk #1 and 86K for disk #2, and
the width of the superconducting transition about 1.53K in both cases. The imaginary
part of ac susceptibility x/(T") revealed a sharp peak at 86K for disk #1 and at 85K
for disk #2. A Hall probe method applied in this study was able to detect a magnetic
flux trapped in the disks at temperatures up to 89K for disk #1 and 90K for disk #2.

X-ray diffraction measurement was used to verify the c-axis orientation of the
films. This is represented by the presence of the (001) peaks in the x-ray diffraction
spectrum. Figure (2.2.4) shows typical x-ray diffraction patterns of two YBCO thin
films; one grown in the IBM laboratory on SrTiO; substrate using a laser ablation
and the other one deposited on LaAlOj substrate using the rf magnetron sputtering

system described above.
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Figure 2.2.4: X-ray diffraction pattern obtained for a YBCO film grown on (a) SrTiO3
and (b) LaAlO3. Both films have a c-axis orientation typical of YBCO films that were

used in this study.
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2.2.3 Critical current measurement procedure

The magnitude of the critical current was inferred from the magnitude of the axial
component of the magnetic field generated by a maximum self-supporting suppercur-
rent circulating in a ring-shaped sample. For YBCO thin films persistent current was
induced in a ring by applying and subsequently switching off the external magnetic
field generated by a solenoid along the axis of the ring (c-axis). An external magnetic
field less than 1kG was sufficient to saturate the self-field over a temperature range
between 10K and T.. The profile of the current’s self-magnetic field was recorded
with a scanning Hall probe at a constant distance from the sample. Figure (2.2.5)
shows the profiles of the axial magnetic field due to persistent currents of various
magnitudes, flowing in a zero-field-cooled (ZFC) YBCO thin film. The profiles have
very symmetrical bell-like shape. It should be pointed out here that the axial com-
ponent of the persistent current’s self-field has a single maximum in the ring’s center,
whereas a field due to magnetic vortices trapped in the ring’s bulk exhibits a profile
with the maximum above the ring’s bulk and a minimum in the ring’s center. It
is therefore possible to distinguish the field produced by the trapped vortices from
that due to a circulating persistent current. The experiments were designed to min-
imize contribution of the trapped vortices to the self-field of the persistent current.

Persistent currents were generated in the ring, starting at low applied magnetic field
[Figure (2.2.3)]. This allowed us to detect any changes in the symmetric bell shaped
profiles of the current’s self-field caused by the vortices trapped in the ring’s bulk.
The experimental data for YBCO thin film rings show that the symmetric profile is
preserved for persistent currents of magnitude up to the saturation (critical) value.
For YBCO ceramic rings, trapping of the intergrain vortices was minimized by using
special geometry, i.e. by cutting two notches (bridges) along the ring’s diameter [67].
These bridges allowed the creep of magnetic flux from outside into the ring’s central

hole at low external magnetic field, minimizing trapping of the intergrain vortices in
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Figure 2.2.5: The profiles of the axial component of the magnetic self-field generated
by the persistent (self-supporting) currents in the zero-field-cooled YBCO thin film
ring at 10 K. The persistent currents of various magnitudes were induced by applying
and subsequently removing an external magnetic field. Critical persistent current
is reached when the current’s self-field saturates. The field was measured with a
scanning axial Hall probe at a distance of 2.5 mm above the surface of thin film.
Distances £4.25 mm and +2.5 mm mark the ring’s outer and inner edges, respectively.
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Figure 2.2.6: Dependence of the persistent current’s self-field measured at the ring’s
center on an applied magnetic field at 10 and 20 K. Saturation value of the self-field
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the bulk of the ring.

The magnitude of the critical current was inferred from the maximum magni-
tude of the current’s self field at the ring’s center using Biot-Savart equation. Figure
(2.2.6) presents the magnitude of the current’s self-field measured in the zero-field
cooled YBCO thin film as a function of the applied magnetic field. The saturation
value of the self-field is proportional to the critical current at a zero magnetic field

and at a given temperature.

The measurement of the temperature dependence of the critical current in
a magnetic field was performed by using a field-cooling procedure (FC) at a given
magnetic field Hy (applied along the ring’s axis) down to a temperature of the mea-
surement. At this temperature the profile of the axial component of the Meissner field
(which represents the expulsion of magnetic flux out of the ring in the presence of an
external magnetic field Hy) was measured. An additional external field AH was then
applied and subsequently reduced to zero, in order to induce circulating persistent
current at Hy. Similarly to the zero-field- cooling case, the current’s critical value
was reached by applying higher AH. The critical current at Hy is proportional to the
current’s self-field in the ring’s center, which equals the difference between the field

seen by a Hall probe and the corresponding Meissner field.

2.2.4 Magnetic flux relaxation measurement procedure

We have measured the temperature dependence of the relaxation of the persistent
current from the critical level, and the magnitude of the critical current, using a
ring geometry and a scanning Hall probe technique (see previous sections). The
measurement of the persistent current’s self-field enabled us to record the relaxation
(time decay) of the persistent current from various levels of the current up to the

critical value. The relaxation data were taken over a time range of 1 - 40000s at
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temperatures between 10K and T.. They were used to calculate the dependence of
the energy barrier Uyg for vortex motion on the current density J in YBCO films.
We applied the Maley’s method to obtain Ugg(J).

Calculation of Ugg(J) using the Maley’s method

The current dependent effective activation energy U.g(J) can be deduced from the
relaxation measurements at different temperatures by employing the procedure of
Maley et al [45]. In this method, U.g(J) is extracted from Beasley-Labusch-Webb
equation for thermally activated motion of flux [68]. The relaxation rate of the mag-
netization M according to this model is

dM _ Bawy _UeglJ)

dt md P T T T (2.1)

where B, a , wg and d are the magnetic induction, the hopping distance, the char-
acteristic attempt frequency and the thickness of the slab of the superconductor,
respectively. The activation energy can be extracted from the above equation in the
form

Uug(J) = —ksT (ln| 5‘%{ |- c) (2.2)
where C = In (Bawy/7d) can be treated as a constant at sufficiently low temperatures.
According to the critical state model, M is assumed to be proportional to J (M « Jd).
In general, the effective activation energy is a function of J, T and B. At a constant

B, Ueg(J,T) can be expressed as a product of two functions
Uest (. T) = G(T)F(J) (2.3)

with G(T') and F(J) being functions of a temperature T and a current density J,

respectively. Maley has assumed the G(T") could have the following form [69, 70],
G(T)=[1-(T/T=)"]" (2.4)
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where T, is a characteristic temperature (e.g. the irreversibility temperature).

The measurement of the time decay of J from its critical value J, at a fixed
temperature, over an experimentally feasible time range of 1 - 100,000s, allows the
change of J by about 20 percent [67]. Maley et al [45] were able to extend the ac-
cessible region of J by recording the decay of magnetization from its critical value
M, « J. for various temperatures below 7.. Changing a temperature ensured a con-
tinuous change in J, , and permitted the measurement of U.g(J) for a wide range
of the current. At each temperature, the magnetic relaxation measurements were
used to find dM/dt as a function of the current density J. As a result, a curve of
Ueg [J(T)] versus J(T') was produced, which consisted of multiple segments, each
representing the time decay of magnetization from its critical value, measured at dif-
ferent temperature T'. The temperature dependence in Uyg [J(T)] was eliminated by
using G(T) = 1 — (T/T;)? according to Equation (2.4). Plotting of U,g [J(T")] /G(T)
versus J produced a continuous curve. However, Berghuis et al [41] argued that there
is some uncertainty in the Maley’s temperature-dependent correction factor G(T') .

which does not allow one to discriminate between various non-linear scenarios for

Ueﬁ'(‘]) .

Calculation of U.g(J) for a ring geometry

When a critical persistent current is induced in a ring, it applies the Lorentz force
on the vortices trapped in the bulk of the ring, which pushes flux lines in the ra-
dial direction out of the ring. The vortex-line motion generates the electric field
E = (1/c) (B! x v) . We take B! in the z-direction (the ring’s axis) which repre-
sents the local magnetic induction B! due to the axial component of the persistent
current’s self-field, and v the drift velocity of vortices in the radial direction from the

ring’s axis. Then E is in the azimuthal direction (along the axis tangent to the ring’s
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perimeter) and its magnitude is Ey = (1/c)Btv, . Because of the cylindrical symme-
try and the independence of the vortex motion on the tangential coordinate 8 , one
could treat the problem as a one-dimensional one and replace cylindrical coordinates
(r,8,z) with Cartesian ones (z,y,z) . Then for the motion of flux in the x-direction
and with the local induction B! , the magnitude of E is E, = (1/¢)Blv, . Using the
Maxwell equation V x E = —(1/c) (6B/3t) , the equation that describes flux motion
(and consequently the decay of the persistent current due to the motion of vortices

in the ring’s bulk) could be written in the following form:

! !
9B; _ -—caEy = —v,._a—Bz- (2.3)

ot or oz

where the drift velocity is taken constant along the x-direction and equal to
v, = woaexp [~Ueg(J)/ksT] (2.6)

Here wy is the characteristic attempt frequency, a is the hopping distance, and Uyg(J)
is the effective energy barrier for the thermally activated hopping. The resulting

equation
dB! - —w aaBi
at oz

can be modified further by taking into account the gradient of B! over a distance

exp [~Ug(J) /kaT] (2.7)

z, which was measured by a Hall probe at a height 2 above the ring. The data [see

Figure (2.2.7)] show that the gradient of B! is

0B; _ Bi(Ri)— Bi(Rod)  _Bi(Rid) (2.8)
oz - d - R.‘d ’

where R;q and R,q are the inner and outer radii of the ring, respectively and d is the
width of the ring.

Equation (2.7) written for the local induction B! at £ = Ryq is

aB! dB! .
v I::R“: —Wold—/4— II‘—'RM €Xp [_Ueﬁ(J)/kBT] (29)
ot oz
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Figure 2.2.7: The profiles of the axial component B.(r) of the persistent current’s
self-field at the critical value, measured at temperatures of 30 K (open circles), 50
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outer edges.
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Using Equation (2.8), one can transform this relation to

. L(p.
aBi;t&'d)' = “’Oafz—,g_i’i) exp [—Ueg(J)/kaT] (2.10)
td

Taking into account the relationship between B! (R;;) and the magnitude of the

persistent current I, given by the Biot-Savart law, the decay of the persistent current

is described by

G = 2 Lexp [~ Ueg(J) kaT] (2.11)
or
3—‘: = %’%J exp [~Ue(J)/ k8T] (2.12)
The effective energy barrier can be extracted from the above equation, in the following
form:
Uug(J) = —ksTIn [(%/J)] +kgT {m (‘%)} = —kgT {m [(%/J)] - c}

(2.13)
where C = In (wpa/R;g) is a constant which is independent of the magnetic field or the
current. The constant woa is a prefactor in the Equation (2.6) for v, and it equals the
velocity of a vortex line when the probability of each hopping process in the direction

of the Lorentz force is one.

Maley et al. [43] estimated the constant C in Equation (2.2) using wpa =~
0.25m/s from the measurement of magnetic relaxation in a grain-aligned sample of
YBCO powder. The upper limit of wga ~ 10m/s for the thermally activated flux mo-
tion was estimated by Schnack et al [71]. They took smaller value of wpa =~ 2m/s in
the calculation of the magnetic moment hysteresis loop by means of a numerical solu-
tion of the flux-creep differential equation. For a ring geometry, we used wpa ~ 2m/s

and R;y = 2.5mm to obtain a tentative value of C = 6.7.

We applied the Maley’s method [43] in order to calculate U.g(J) over a wide

range of J. Our procedure involves the measurements of the relaxation rates of the
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persistent current from the critical level as a function of the current density J for
temperatures taken every 3 K between 10 K and 85 K. These measurements were
used to find dJ/dt vs J, whose value is necessary for the calculation of Ugg(J) from
Equation (2.13).

2.2.5 Magnetic flux penetration measurement procedure

Two thin-film YBCO disks #1 and #2, having a diameter of 15mm and a thickness of
5000 A and 2000 A, respectively were used to study magnetic flux penetration. Latera
ring ( ring #1) was etched from disk #1 and a similar study was performed on the ring
for comparison. Magnetic-flux penetration was inferred from the measurements of a
trapped and a shielding magnetic-flux density across a disk (or a ring) for both axial
and radial fields as a function of temperature and applied magnetic field. After cooling
a disk in zero field down to various temperatures below T, an external magnetic
field was increased monotonically from zero to a certain value H, in a direction
perpendicular to the disk's plane and parallel to the film's c-axis. This was followed
by the measurement of the profile of the shielding field (which is the difference between
the applied field and the field measured by the Hall probe) . The applied field was then
reduced monotonically from H, to zero and the trapped field was measured. Both
radial and axial components of the field (either for shielding or trapping) were recorded
at the same distance above the sample surface. The profiles were also measured
as a function of the distance above the disk surface from 3mm (minimum) up to
12mm (maximum) . This allowed us to obtain the distribution of the magnetic
field lines above the sample. An additional information on partial and complete flux
penetration regimes was obtained by (a) plotting the magnitude of the trapped field
in the disk’s center versus temperature for a constant applied magnetic field, and by

(b) plotting the decay rates of the trapped field (recorded at various points along
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the disk’s diameter) versus distance from the disk’s center for fixed temperature and

applied field.

We performed numerical calculation of the axial (H,) and radial (H,) compo-
nents of the magnetic field above a disk- (or a ring-) shaped sample. The procedure
is as follows.

Using cylindrical coordinates, the radial and axial magnetic field components at some
point p and z, generated by a ring of radius a , centered at the origin and carrying a

current I(a), are given by [72]

_ I(a) z [ a? + p? + 22
he(0012) = e | KO+ E(k)] (214)
= h )= 1) L -K(k) P ik i E(k)] (2.13)
(0p2) = 2w \ﬁp+a)2+z2- (a-p)®+ 22 o

here k? = 4ap/ [(a +p)%+ z2], and K and E are complete elliptic integrals of the
first and the second kind. The magnetic field at any point generated by the assumed
azimuthal current distribution in a disk (or a ring) can be found by integrating these
equations over the volume of the disk (or a ring). In order to integrate Equations
(2.14) and (2.13), we used a numerical method. The calculation was carried out for
a ring of inner radius R;; and outer radius R,y. The disk is a special case of the
ring where R;; = 0. The computer program divides the sample into n X m ring
segments (n along the radius and m along the thickness). A typical segmentation in
our calculationsis 0.5um in the x-y plane and the thickness of the film in the z-x plane.
The magnetic field at any point above the sample is obtained by summing up the
fields generated by all the ring segments. The input current /(a) in each segment is
calculated from the critical state current distributions in a thin film superconducting
disk . Using this procedure we calculated the profiles of H, and H, along the diameter

of the sample.
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We tested the above procedure using the magnetic field profiles generated by
a constant current flowing in a pancake-shaped (flat) disk coil (of 16mm in diameter)
and a pancake-shaped ring coil (of 8.1mm in outer diameter and 4.9mm in inner
diameter). Both coils were made of thin copper wire of a diameter of 0.13mm for
the disk-coil and 0.06mm for the ring-coil. The coils have diameters approximately
equal .to those of YBCO thin film disks and rings studied. Calculation of the radial
and axial magnetic profiles generated by a circulating current in the coils was made
using the magnitude of the current, the exact numbers of turns of each coil (56 turns
for the disk and 26 turns for the ring) and the distance of the probe above the coil.
Figures (2.2.8) and (2.2.9) show a good agreement between the experimental results
(open symbols) and the theoretical calculations (solid lines) for the disk and the ring

coils, respectively.
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Figure 2.2.8: The profiles of the axial field H, (a) and the radial field H, (b) above a
pancake-shaped disk coil. The measurements were taken at distances of: 1.4, 3, 4, 3.
6,7,8,9,10, 11 and 12mm above the disk coil. Solid lines represent the theoretical
calculation of the profiles generated by a constant current I = 1.0 A.



Axial Field (G)

Radial Field (G)

10

Fry syt rvrjrvyryrrrrryvrpry Tr [ vrrrrvrg

o Ring pancake coil
- ©  Experiment § R 148mm
- Theory '

lLllllllIllllllllll‘llllll

_"‘llllll"lll"l"l

LR LI ]
i 1 1

llJJlJJJLLLLIII'IllLLLLIlllllJl

-15 -10 -5 0 5 10 15
Distance (mm)

—Ir-lfir'illll?jTTrrlll]l“17]Trrfl‘

- Ring pancake coil

r . 1.48 mm

~ © Experiment

- Theory

llllllllllllIlllll‘llllllllllllllllll

|‘|lll|l|llll|'||'|.l|||llll|'l

IFISTE N I SN S S S MY AT SN N J ST S NNV YT SHU SN SN B S O O N

-10 -5 0 5 10 15

Distance (mm)

—
(W

Figure 2.2.9: The profiles of the axial field H. (a) and the radial field H, (b) above
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Chapter 3

Temperature Dependence of the Critical Current

3.1 Experimental Results

We measured the temperature dependence of the critical current (over a 10 — 90K
range and in magnetic fields up to 700G) in about twenty c-axis oriented YBCO thin

films (manufactured in various laboratories) and in a few granular YBCO samples.

3.1.1 Temperature dependence of J. in YBCO thin films

The experimental data for selected YBCO thin films, which exhibit the most typical
temperature dependence of I.(T), are presented in Figure (3.1.1). Critical currents
in each sample were normalized to their values at 10K". Thin film of the highest T, of
90 — 91K is characterized by an Ambegaokar-Baratoff-like (AB) convex temperature
dependence below approximately 82K (with a plateau between 10 and 20K and
a linear regime between 35 and 80K) and a Ginzburg-Landau-like (GL) concave
temperature dependence above 80K. In thin films of T, reduced by only 2 — 4K (i.e.
in a 86 — 88K range), the Ambegaokar-Baratoff to Ginzburg-Landau (AB — GL)
crossover temperature shifts down to about 60— 70K extending the Ginzburg-Landau
tail down to low temperatures by about 10 — 20K. In this case the temperature
dependence of I. below the crossover temperature exhibits a quasi-linear behaviour
for most samples. The crossover temperature decreases down to about 40K in thin

films of T, ~ 84 — 85 K. A Ginzburg-Landau-like temperature dependence (T-T,)3/2
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Figure 3.1.1: Temperature dependence of the critical current in c-axis oriented YBCO
thin films with T, over a range of 52 — 90K. The critical current is normalized to its
value at 10K. The results show a transition from an Ambegaokar-Baratoff-like (AB)
temperature dependence to a Ginzburg-Landau-like (GL) one upon reduction of T..
The AB — GL crossover is seen in the film of T, ~ 90K at a temperature of about
80 — 82K. T, is a temperature at which the level of critical persistent current is less
than about 5mA (which corresponds to a noise level of a Hall probe). The critical
current level at 10K was within a range of 2 — 45A for various samples.
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over a full (10 — 90K) temperature range was observed in most thin films of 7. below
approximately 84K. The exponent a in the Ginzburg-Landau expression (T — T¢)°
was determined to be 1.5 % 0.1, which was based on the measurements of I.(T') in
all thin films. AB — GL crossover effects were found to be independent of the
magnitude of the critical current density and depairing or depinning character of the
criticai current. The magnitude of the “apparent” critical current density at 10K
(defined as a ratio of the critical current to the ring’s cross-sectional area) in various
films was within a range of 5 x 10%—~1 x 10” A/cm? for depinning critical currents. An
“apparent” critical current density of 5 — 6 x 10° A/cm? at 10K, for thin films which
do not exhibit any decay of the current from its critical value, is within the lower
range of the “apparent” depinning critical current density. This is because depairing

critical currents may flow through narrow filaments in the sample.

3.1.2 Magnetic field dependence of J.(T) in YBCO thin films

We investigated the influence of an external magnetic field up to 700G on the tem-
perature dependence of the critical current in two thin films, one with an Ambegaokar-
Baratoff-like temperature dependence of I, and the other with a predominant Ginzburg-
Landau-like behaviour. These results are plotted in Figures (3.1.2) and (3.1.3). No
decay of the current from its critical value was detected by a Hall probe in both films,
suggesting depairing nature of the critical current. A 10 — 20K plateau in I.(T),
which is visible in the first film [Figure (3.1.2)], disappears after application of a mag-
netic field of 700G. This suggests magnetic field-induced decrease of the AB — GL
crossover temperature. However, a Ginzburg-Landau-like temperature dependence of
I, which characterizes the second film, is little affected by this magnetic field [Figure
(3.1.3)]. The experiment implies that magnetic field much higher than 750G (which

was the maximum field available in the experimental set-up) is required in order to
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change the temperature dependence of the critical current in c-axis oriented thin film

from an Ambegaokar-Baratoff to a Ginzburg-Landau-like one.

3.1.3 Magnetic field dependence of J.(T) in granular YBCO

We teéted the effect of magnetic field on the intergrain critical currents in YBCO
granular bulk samples. Previous studies of the intergrain critical currents over a tem-
perature range of 65—90K [73, 19] revealed that small magnetic fields up to 30G cause
a suppression of the critical current’s magnitude and changes in the Ambegaokar-
Baratoff character of I.(T') curve measured at zero magnetic field. Extension of these
studies to a 10 — 90K temperature range allowed us to produce results shown in
Figures (3.1.4) and (3.1.3). Two YBCO ceramic rings characterized by depairing and
depinning intergrain critical currents were used in the studies. In both of them I.(T)
curves indicate a gradual decrease of the AB — GL crossover temperature with an

increasing applied magnetic field.

3.1.4 Magnetic field dependence of J.(T) in YBCO/Ag gran-

ular composite

The crossover effects to a Ginzburg-Landau behaviour were investigated in YBCO/Ag
(2 wt %) ceramic composite containing intergranular silver. The temperature depen-
dence of the intergrain critical current in this composite under zero-field-cooling con-
ditions [Figure (3.1.6)] manifests an Ambegaokar-Baratoff-like behaviour below 80K
and a DeGennes (SNS junction) behaviour above this temperature. The temperature
dependence of I, in the DeGennes regime [12] is (T — T.)* with a@ = 2.0 £ 0.1 (see
the inset in Figure (3.1.6)). An external magnetic field of 100G is sufficient to cause

almost complete conversion to a Ginzburg-Landau-like regime.
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Figure 3.1.2: Temperature dependence of the depairing critical current measured in
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thin film has T, ~ 90K and is characterized by an Ambegaokar-Baratoff-like I.(T)
below 80 — 82K and by a Ginzburg-Landau-like I.(T') above this temperature. A
magnetic field of 700G removes the low temperature plateau of I.(T') and reduces the
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3.2 Discussion

3.2.1 Crossover effects in the temperature dependence of J.

in YBCO

The experimental results for pure Y;BasCu307_s show clearly the presence of both
an Ambegaokar-Baratoff-like (AB) and a Ginzburg-Landau-like (GL) temperature
dependence of the critical current in c-axis oriented thin films and in randomly ori-
ented granular ceramics if plotted as I.(T')%/® versus temperature, in order to identify
a GL-like (T, — T')*? portion of I.(T) [Figures (3.2.2) - (3.2.6)]. The crossover from
an AB to a GL temperature dependence of I. can be induced by either a reduction
in T, [Figure (3.2.2)] or by an increasing external magnetic field [Figures (3.2.5) and
(3.2.6)]. These features are independent of the type of the transport critical current
(depairing or depinning) and the magnitude of the critical current density (for the
depinning critical current), suggesting that the type of a flux pinning defect does
not affect the temperature dependence of the critical current. A recent study by
Lin et al [74] revealed that the temperature dependence of J. in YBCO thin films is
not affected by the inclusion of an ordered array of columnar defects of the size of
10 — 20nm. These pinning centers cause a 70 % enhancement of J. at 77 K in the

presence of a magnetic field.

A shift of the AB — GL crossover temperature down to lower temperatures
with a decreasing T, [Figures (3.1.1) and (3.2.2)] implies its dependence on oxygen
deficiency §. According to Jorgensen et al [75], Y,BapyCu3O7_;s of T ~ 80K is charac-
terized by oxygen deficiency of 6 = 0.20 —0.25. This means that for § > 0.20 —0.23,
the temperature dependence of I is mostly that of a Ginzburg-Landau-like (T-T)3/2.
Additional support of this statement is provided by the data of Jones et al [23] who

studied the effect of oxygen deficiency on the transport properties of c-axis oriented
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Figure 3.2.1: Comparison of the experimental data for I. in a c-axis oriented
YBCO thin film # Al of T. = 90K (solid symbols) with the calculated ones from
the Ambegaokar-Baratoff theory for Josephson tunnel junctions [14], represented
by the curve A-B, and from the Clem’s model [5] of an Ambegaokar-Baratoff to
a Ginzburg-Landau crossover effects in granular weakly-coupled (¢p = 0.1) and
strongly-coupled (¢ = 100) superconductors. The best fit to the experimental
data was obtained for the case of I.(T') in strongly-coupled granular superconductors
(Clem, g9 = 100) with a temperature of the crossover from an Ambegaokar-Baratoff
behaviour at low temperatures to a Ginzburg-Landau behaviour at high temperatures
at 80 —~ 82K.
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Figure 3.2.2: Temperature dependence of the critical current in c-axis oriented YBCO
thin films plotted for the results shown in Figure (3.1.1) as [I.(T)/I.(10K)]*/3 ver-
sus temperature. This allowed us to identify the Ginzburg-Landau portions of I.(T’)
(solid lines). All the experimental results are enclosed by two curves: by the Am-
begaokar-Baratoff (A-B) I.(T') or by the Clem’s (AB — GL with ¢ = 100) form of
I(T) on the high T, side, and by the Ginzburg-Landau (T — T;)*/2 form of I.(T) on
the low T. side. A gradual expansion of the Ginzburg-Landau (T — T;)3/2 tail to low
temperatures can be seen upon reduction of T.
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Figure 3.2.3: Dependence of [I.(T')/I.(10K)]*/? on temperature plotted for the ex-
perimental results obtained for YBCO thin film #A1 in a magnetic field of 275G and
700G (Figure (3.1.2) ). The magnetic field-induced expansion of the Ginzburg-Landau
portion of I.(T') present in the zero-field-cooled film can be seen. For the ZFC case,
I(T) is reproduced by the Clem’s model with € = 100. Note that discrepancy
between the experimental data and the Ginzburg-Landau solid lines very close to
T. is caused by the experimental difficulty in measuring the self-fields of very small
persistent currents in the presence of much larger external magnetic fields.
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Figure 3.2.4: Dependence of [I.(T')/I.(10K)]?/3 on temperature plotted for the ex-
perimental results obtained for YBCO thin film #A7 in a magnetic field of 275G
and 700G [Figure (3.1.3)]. Magnetic field does not affect the Ginzburg-Landau tem-
perature dependence of I.(T) measured in the zero-field-cooled thin film. Note that
discrepancy between the experimental data and the Ginzburg-Landau solid lines very
close to T, is caused by the experimental difficulty in measuring the self-fields of verv
small persistent currents in the presence of much larger external magnetic fields.
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YBCO thin films. The temperature dependence of I in their best film (with é = 0.1)
is a quasi-linear at low temperatures and a concave close to T, [Figure (3a) in Ref.
[23]]. This temperature dependence corresponds to an intermediate stage [Figure
(3.1.1)] of the transition from an AB to a GL type behaviour of I.(T"). Oxygen was
removed from YBCO by sequential isobaric anneals at 550 °C under reduced partial
pressu.re of Oy . A change of é from 0.1 to 0.2 leads to a Ginzburg-Landau-like tem-
perature dependence of I.. Our analysis of their data at § = 0.2 revealed that I, is
proportional to (T" — T..)* with a = 1.4 — 1.5.

Oxygen deficient thin films are characterized by a GL-like dependence, and thin films
close to the optimum doping exhibit an AB-like I.(T"). Therefore, the presence of
the superposition of both a GL-like and an AB-like behaviour in I.(T') indicates that
YBCO film could be modeled as a stack of two films of low and high oxygen deficiency
(see Chapter 4, Figure (4.2.5)).

A decrease in the AB — GL crossover temperature can also be stirnulated
by applying an external magnetic field. However, a magnetic field of 700G, which
we used in the experiments on thin films [Figure (3.1.2)], did not produce a com-
plete transformation of I.(T) from an Ambegaokar-Baratoff to a Ginzburg-Landau
behaviour. We have to refer, therefore, to an early work of Mannhart et al [19] on
c-axis oriented thin films. The measurement of magnetic field dependence of I.(T)
was performed on a thin film for which the zero field I.(T') exhibits a quasi-linear
behaviour at low temperature and a pronounced concave tail close to T, (Figure (3)
in Ref. [19]). A magnetic field of the order of 0.5—1.17 transforms their temperature
dependence into a Ginzburg-Landau-like I.(T). Our calculations based on their data
revealed that /. = (T —7,)® with @ = 1.5+0.1. When temperature dependence of the
critical current at zero magnetic field is already that of a Ginzburg-Landau-like type,
an external magnetic field does not change it. This can be seen in Figures (3.1.3)
and (3.2.4) for magnetic fields up to 700G and in Figure (6) of Ref. [25] for magnetic
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fields up to 12T. In both cases the direction of magnetic field was perpendicular to

the surface of c-axis oriented thin films.

A magnetic field as low as 30G is able to convert an Ambegaokar-Baratoff
temperature dependence of the intergrain (weak-link) critical current to a Ginzburg-
Landau-like one. The results of systematic measurements of the AB — GL crossover
in YBCO granular superconductors, presented in Figures (3.1.4), (3.1.5), (3.2.5) and
(3.2.6), are identical to those obtained on c-axis oriented thin films. This implies
that the AB — GL crossover effects are a characteristic property of Y;BayCu3O07_s

superconductor.

3.2.2 Origin of the AB — GL crossover in the temperature
dependence of J. in YBCO

An essential question that has to be answered here is what is the physical reason
for the observed AB — GL crossover in the temperature dependence of the critical
current. Clem et al [3] stated that the Ambegaokar-Baratoff to Ginzburg-Landau
crossover effects can be observed in conventional granular superconductors. The
crossover from an Ambegaokar-Baratoff to a Ginzburg-Landau form of I.(T) occurs
when the Josephson-coupling energy of an intergrain junction is approximately equal
to the superconducting condensation energy of a grain. For YBCO thin film and gran-
ular samples a gradual expansion of the Ginzburg-Landau tail (T — T.)%2 in I(T)
to low temperatures is observed upon a reduction of T, or in an increasing applied
magnetic field [Figures (3.2.2), (3.2.5) and (3.2.6)]. An Ambegaokar-Baratoff-like de-
pendence of I.(T') seems to be a characteristic property of YBCO samples of T, above
approximately 88K and in the absence of an external magnetic field. The results pre-

sented in Figures (3.2.2), (3.2.5) and (3.2.6) imply, therefore, the AB — GL crossover
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Figure 3.2.53: [I(T)/I.(10K)]?/3 versus temperature plotted for the case of depair-
ing I.(T) measured in a granular YBCO #1 [Figure (3.1.4)]. A transition from an
Ambegaokar-Baratoff form of I.(T') (dotted and dashed lines) to a Ginzburg-Landau
one (solid lines) is observed upon application of an increasing external magnetic field.
Note that deviation of the experimental points from the solid lines very close to T, is
a result of experimental difficulties of measuring small persistent current’s self-fields
in the presence of much larger external magnetic fields.
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Figure 3.2.6: [I.(T)/I.(10K)]?/3 versus temperature plotted for the case of depinning
I(T) measured in a granular YBCO #2 [(Figure (3.1.5)]. A transition from an
Ambegaokar-Baratoff form of I.(T) (dotted and dashed lines) to a Ginzburg-Landau
one (solid lines) is observed upon application of an increasing external magnetic field.
Note that deviation of the experimental points from the solid lines very close to T is
a result of experimental difficulties of measuring small persistent current’s self-fields
in the presence of much larger external magnetic fields.
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in I.(T) of YBCO and a continuous decrease of the crossover temperature if an oxy-
gen deficiency & or an applied magnetic field are increased. According to Clem et al
[5] at the AB — GL crossover temperature in I(T) of granular superconductors, the
Ginzburg-Landau coherence length is of the order of the grain size. The observation
of the AB — GL crossover effects in YBCO in combination with the short coherence
length in this compound indicate therefore the presence of granularity (supercon-
ducting microdomains coupled by Josephson tunnel junctions) on the level of a few
nanometers. In thin films of highest T.= 90 — 91K, the AB — GL crossover tem-
perature is around 80 — 82K . This means that the size of superconducting domains
that exist in these films is equal to a coherence length at 80 — 82K. Temperature
dependence of upper critical field H,, in YBCO thin films in magnetic fields (up to
500 Tesla), was recently measured by Goettee et al [76]. These results allowed us
to make rough estimation of the coherence length &, at various temperatures using
the relationship He, (T') = &/2n€2(T). &, varies from about 10 A for a temperature
range 8 — 30K up to about 20 A at 80K and 30 - 40 A at 83 — 84K. Therefore, the
maximum size of superconducting domains in samples with an optimum doping (of
T. ~ 91 K) and at zero magnetic field should vary between 30 and 40 A. Oxygen
deficiency and an external magnetic field cause a decrease of the size of these domains
and subsequent reduction of the AB — GL crossover temperature. In general, at low
temperatures I.(T) is governed by the interdomain Josephson tunnel junctions (an
Ambegaokar-Baratoff form). At higher temperatures I.(T') is affected by the ability
of the supercurrent to suppress the gap parameter (a Ginzburg-Landau form) when

the coherence length is equal or larger than the size of superconducting domains.

Clem et al [5] calculated the dimensionless parameter ¢ which is proportional
to the ratio of the Josephson coupling energy of a junction to the superconducting
condensation energy of a grain, both energies being evaluated at zero temperature.

For a weakly Josephson-coupled regime, 9 < 1 and the temperature dependence of



the critical current is that of Ambegaokar-Baratoff. For larger g, approximately over
a range 1 - 100, an Ambegaokar-Baratoff temperature dependence holds only at low
temperatures, this behaviour giving way to a Ginzburg-Landau (T-T.)*? tempera-
ture dependence above the crossover temperature. In the strongly Josephson-coupled
regime, € is very large, current-induced gap suppression is dominant at all temper-
atures, and the critical current does not obey an Ambegaokar-Baratoff behaviour at
any temperature. Instead, the temperature dependence is governed by a Ginzburg-
Landau-like behaviour at all temperatures. The coupling parameter g is given by

the following formula:
fikp

__B 3.
e2yTcpaap (31)

g0 = 2.93

where 7 is the Sommerfeld constant, p, is the normal-state tunneling resistivity of a
junction and aq is the effective grain diameter.

Reported values of ¥ for YBCO vary between 16 mJ/molK? and 35 mJ/molK?
(0.16 — 0.35 mJ/cm3K?) [77, 78], . We take the average v ~ 0.26 mJ/cm3K?, and
ao = 40 A in YBCO of T, = 91K. In order to calculate &9, p,, of an intrinsic Josephson
tunnel junction is needed. Such information was provided by current-voltage charac-
teristics at 72 K of a 1um-wide Dayem microbridge patterned in a YBCO thin film
(Ref. [22]). The microbridge was twin-boundary free and had Josephson-like prop-
erties. A normal resistivity of the bridge was approximately 0.5 uflem. We obtain
g0 = 92 for YBCO with T, = 91 K. For oxygen deficient YBCO with § = 0.20 — 0.253,
and T. ~ 80 K, the AB — GL crossover temperature drops down to 10 — 20 K im-
plying that ag =~ £ ~ 10 A. In this case YBCO is in very strong coupling regime with
g0 ~ 1650. The calculations of J.(T') for various coupling strengths, performed by
Clem et al [5] indicate the absence of a low temperature plateau in the Ambegaokar-
Baratoff’s part of J.(T') for €g > 1. This is clearly seen in the temperature dependence

of the critical current in the best YBCO samples.
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3.2.3 Comparison between the intergrain and the intragrain

J.(T) in YBCO

The same temperature dependence of the critical current in thin film and granu-
lar YBCO [Figures (3.1.1) , (3.1.4) and (3.1.5)] implies that intergranular transport
in cer@w is limited by microbridges whose internal structure is similar to that
of the grain itself, i.e. consisting of superconducting domains separated by Joseph-
son tunnel junctions. If the size of these domains is less that the coherence length,
the supercurrent will not “see” the junctions and the temperature dependence of
the intergrain critical current changes from an Ambegaokar-Baratoff-like type to a
Ginzburg-Landau-like one.

We performed additional verification of this process by introducing different kinds of
Josephson junctions into the microbridges. Temperature dependence of the intergrain
critical current of a zero-field-cooled YBCO/Ag (2 wt.%) ceramic composite [Figure
(3.1.6)] indicates that the intergrain current is controlled by Josephson SIS tunnel
junctions [which is expressed by an Ambegaokar-Baratoff form of I.(T)] up to 80K
and by Josephson SNS proximity junctions (with [.(T') = (T —T.)?) above 80K. This
could happen if oxygen depleted superconducting layers (of T, ~ 80K ) cross the mi-
crobridges. An increasing applied magnetic field seems to introduce disorder (reduce
the size of superconducting domains) in the same manner as an increasing oxygen
deficiency does. Figure (3.1.6) shows that an almost complete transformation of the
intergrain I.(T') into a Ginzburg-Landau-like form occurs in a magnetic field of 100G.
This suggests that in the case of superconducting domains coupled by SNS proxim-
ity junctions, the crossover from a DeGennes-like (T" — T.)? temperature dependence
of I.(T) to a Ginzburg-Landau-like one may also be observed. A microbridge-type

model was proposed very early by Larbalestier et al [79] in order to explain the field
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independent residual intergrain critical current in granular high temperature super-
conductors. Halbritter [80] stated that these conclusions may be valid not only for
the intergrain weak links but also for the intragrain ones which are formed by twin
boundaries. Moeckly et al [10] suggested that rf Josephson data and non-ideal I-V

characteristics of most tilt boundary weak links favor microbridge limited transport.

3.2.4 Microgranularity in YBCO

As mentioned earlier in Chapter 1, the presence of intragrain granularity in single
crystals of YBCO has been suggested by Daeumling et al [8] and Osofsky et al[9]. The
granular behavior was attributed to clusters of oxygen defects, causing a separation
of regions of oxygen-rich material by boundaries of oxygen-poor material. Some
evidence of ordered superstructures and phase separation in Y; BasCu3O7_; on a few
nanometer scale has been provided by electron- and neutron-diffraction studies. Phase
separation is more evident for oxygen deficient samples with § < 0.3 (Ref. [11, 81, 82,
83]), however, studies of Beyers et al [81] have indicated that 90 K — T.(9) plateau
may correspond to a two-phase region. Recent scanning tunnelling spectroscopy
measurements of YBCO single crystals [84], which show spatially varying energy
gap over a few nanometer distances, may also indicate the presence of microdomains
in YBCO. The very recent high resolution electron microscopy investigations at 300K
by Etheridge at Cambridge University [43] of Y] BaaCu3O7_s (6 < 0.1) revealed the
presence of the electron diffraction patterns due to the cells of size approximately 10-
20 A in the a-b planes, in addition to those due to the twin boundaries with spacing
about 500-1000 A . The cells form an irregular network with walls aligned about 45°
to the < 100 > and < 010 > axes (a-b axes), and arise from a local perturbation of
the charge density distribution. This is an apparently universal feature, present in

YBCO samples prepared in different ways and imaged in different microscopes. It
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was suggested that YBCO (8 < 0.1) “buckles” into a network of slightly misaligned

cells in a struggle to relieve internal stresses.

Interpreting critical current I.(T") data for YBCO thin film and granular sam-
ples requires discussion of the microscopic mechanism by which the microdomain size
is being reduced. Both an oxygen depletion or an external magnetic field penetrat-
ing through insulating layers can suppress superconductivity through pair-breaking
interaction. Oxygen deficiency leads to appearance of Cu?t magnetic moments on
CuQ, planes [85] and CuO chains [86] , as shown by nuclear-spin relaxation data.
Pair breaking in conventional superconductors caused by magnetic impurities and an
external magnetic field has been analyzed by Maki [87] and Skalski et al [88]. These
external perturbations break the time-reversal symmetry of the electron system and
lead to gapless superconductivity. The gapless situation can also be induced by dif-
ferent mechanism; the spatial variation of the order parameter. In the Kresin’s model
[89] of gaplessness in high temperature superconductors, YBCO contains two subsys-
tems, i.e. CuQO, planes and CuO chains. The planes are intrinsically superconducting,
whereas the superconducting state in the chains is induced by charge transfer via an
intrinsic proximity effect. Magnetic impurities (Cu?* magnetic moments) act like
pairbreakers and suppress the induced gap on the chains so that at oxygen content
around 6.9 YBCO is already gapless. The gaplessness can be extended without a
noticeable shift in 7,. We believe that the oxygen vacancies and the associated Cu?*
magnetic moments produce spatial inhomogeneities (domains on the scale of a lat-
tice parameter) already in YBCO of oxygen content of 6.95. These inhomogeneities
would be similar to those suggested by J. C. Phillips [90] and N. E. Phillips et al
[77]. An external magnetic field penetrates the inhomogeneities and reduce the size

of superconducting domains through pair breaking interaction.
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Chapter 4

Dissipation of the persistent current and flux

pinning in YBCO thin films

4.1 Experimental Results

We measured the relaxation of the persistent current from the critical level in nine
YBCO thin films of different T, J. and thickness. The films were grown using various
deposition methods on LaAlO; and SrTiOjz substrates [Table (4.1)]. The measure-
ments were made on zero-field-cooled ring-shaped films over a temperature range of
10 — 85K. The relaxation data were used to calculate the dependence of the en-
ergy barrier for vortex motion on the current density, Ugg(J). Comparison of the
Ueg(J) data with those for J.(T') was made. In the section below, we verified that
the persistent current distribution in a thin film ring is independent of the relaxation

processes.

4.1.1 Effect of relaxation on the distribution of the persistent

current in ring-shaped YBCO thin films

Figure 4.1.1 presents the distributions of the axial and radial components of the
persistent current’s self-field measured 30s and 10,000s after the critical state was
established in a zero-field-cooled ring. The self-field (trapped field), normalized to

its value at the ring’s center [Figure (4.1.2 )], reveals that the relaxation processes
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Figure 4.1.1: The profiles of the axial and radial trapped fields B.(r) and B.(r)
measured across the ring of YBCO film #1 at a distance of 3mm above it, after
waiting 30 s (open circles) and 10,000 s (full circles). The profiles represent the axial
and radial components of the persistent current’s self-field. Distances r = £2.5mm
and r = +4.25mm mark the inner and the outer edges of the ring. The sample
was zero-field-cooled down to 30K, before an external field of 700G was applied and
subsequently reduced to zero in order to generate the persistent current at the critical
level. The solid lines represent the computer simulations (see text) of the axial and
radial profiles using the Biot-Savart law and the current distribution shown in Figure
4.1.3.
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Table 4.1: Superconducting transition temperature T. at zero resistance, film thick-
ness, critical current density J. at 10K and 77K, deposition method and substrates
used, are listed for all YBCO thin films that were investigated in the course of this
work. Note that J2 denotes an “apparent” critical current density which is defined
as the ratio of the critical current I to the cross-sectional area A of the sample. The
actual J. may be higher if the current flow occurs through a reduced cross-sectional
area A.

T. Thickness J2(10K) JX(77K) Deposition Substrate
(K) (nm) (Afcm?) (A[cm?) Method

90 500 1.1 x 107 1.5x10° dc-MAGNETRON  LaAlOg
90 130 1.8x107 1.2x10° rf-MAGNETRON  LaAlO;
90 200 6.4 x 108 7.1 x 105 LASER-ABLATION LaAlQO;
91 200 1.8 x107 1.7x10° LASER-ABLATION LaAlO;
91 200 1.8x 107 1.7x10° LASER-ABLATION LaAlO;
90 100 3.3x107 2.3x10° LASER-ABLATION SrTiO;
87 280 6.5x10° 24x105 rf-MAGNETRON SrTiO3
87 120 2.3 x10" 7.1x10° f-MAGNETRON  LaAlOs
81 350 79x 105 8.2x10* LASER-ABLATION LaAlO;

25|
cooo-qmcn.&www:ﬂ:?

do not affect the shape of the profiles. This indicates that the normalized relaxation
rate is constant across the ring and the fast decay rates are absent at the ring’s outer
edges. Solid lines in Figure (4.1.1 ) represent the computer simulations of the axial
field B.(r, z) and the radial field B,(r, z), using the computation methods described
in Chapter 2 . The ring was divided into 2,000 concentric ring-segments (of cross-
sectional area of 0.5 x 0.5um?) . The axial and radial fields generated by the current
in each ring segment were calculated from the Biot-Savart equation [72] . The total
axial and radial field above the sample was obtained by summing up the contributions
from the individual current loops. Very good fit to the experimental data was achieved
with the uniform distribution of the current across the ring’s width [Figure (4.1.3)],
indicating that the relaxation processes affect the magnitude of the current density

but not its distribution.

72



F T T T T T

1.0 - YBCO#1 P

L ZFC, T=30K ;"6 ]

{ o $t=30s @ )

0.8 « t=10,000s % g

3 1 $ 8 ° :
I 0.6 ] 8 ° 3
] i e o o ]
L & o ]

&=, [ e g ) % 3
n 047 Azial—¢ ¢ % ]
8.‘ [ - ) ]
0.2 F ;

g : : ]
& 0.0F . 3
) f . :
n 04T s ;
= . ) ]
8 -04F} ' . Radial ;
E [ \ ° ]
S -0.6F 3 s .
2 o8 L e ;
-0.8} L 3

& ]

~1.0} hd ;

I — 1 — 1 /] S| b
—-15 -10 -5 0 5 10 175

Distance (mm)

Figure 4.1.2: The profiles of the axial and radial trapped field taken from Figure
4.1.1, which are normalized using the maximum values of the axial and the radial
trapped fields. Note that the shape of both profiles does not change during persistent
current’s decay, suggesting that the normalized decay rate remains constant across
the ring.
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Figure 4.1.3: The distribution of the persistent current density J(r) in the
zero-field-cooled ring at 30K after waiting 30 s (solid line) and 10,000 s (dotted
line). This distribution was used to perform computer calculations of the profiles of
the axial and radial components of the self-field of the persistent current in Figure
4.1.1.
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4.1.2 Relaxation measurements and calculation of Ueg(J) for

YBCO thin films

The profiles of the axial component of the self-field of the persistent current circulating
in zero-field cooled rings of YBCO thin films, have been measured over a temperature
range of 10 - 85 K. Figure (4.1.4) shows typical profiles measured at 20 K for various
levels of the persistent current between zero and a critical value . The decays of the
persistent current have been recorded over a time range between 1 and 40,000s, and
every 5 K over a temperature range 10 - 85 K. Typical plots of the current versus
logarithm of time for various currents between zero and I, at 20 K and 50 K are
shown in Figures (4.1.3) and (4.1.6). These plots are similar for all samples and for

all temperatures between 10 and 85 K.

For currents close to I, the initial decays up to approximately 1,000s are not
fully logarithmic. After 1,000s the relaxation curves merge and a common “steady-
state” logarithmic decay is established. The initial non-logarithmic decay of mag-
netization in YBCO was reported by Gurevich and Kiipfer [92] and interpreted as
due to a redistribution of the magnetic flux over the sample volume. Therefore, we
have calculated Ugg(J) using the Maley’s method from a “steady-state” logarithmic

portion of the relaxation curve for waiting times between 2,000 and 40,000s.

Figure (4.1.7). presents the “Maley’s” segments of U,g as a function of the
current calculated from the relaxation data (which were measured every 5 K between
10 K and 85 K) for six different YBCO thin films of T, = 90 — 91K according to the

procedure described in Section 2.2.4.
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Figure 4.1.4: The profiles of the axial component of the self-field of the persistent
currents circulating in a ring of YBCO film #1. Persistent currents, of various levels
up to the critical value, were induced in the ring at 20 K after external fields between
250 and 540 G were applied to the zero-field-cooled sample. Distances +2.5mm and
+4.25mm mark the ring’s inner and outer edges. The profiles were measured at a
distance of 2.5mm above the ring.

76



90 M MR o L] 1
YBCO#1
' 1
~ ]
NI - .
&~ 50 )
=
~I! |
 40F .
S . .
3
30|
20 ¢ ,
10 b i
ZFC, T=20K
0 [ i . el — e 1
10° 107 102 10® 10* 10°
Time (s)

Figure 4.1.5: The dependence of the persistent currents, of various magnitudes up to
the critical value, on the logarithm of the waiting time. The decays were measured
at a temperature of 20 K in a ring of YBCO film #1. The calculation of the energy
barrier was based on the time decay of the persistent current from the highest value
over a time interval of 2,000 - 30,000s. Note that the decay curves of the persistent
currents close to the critical value merge after waiting approximately 1,000 to 2,000s.
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Figure 4.1.6: The dependence of the persistent currents, of various magnitudes up to
the critical value, on the logarithm of the waiting time. The decays were measured
at a temperature of 50 K in a ring of YBCO film #1. The calculation of the energy
barrier was based on the time decay of the persistent current from the highest value
over a time interval of 2,000 - 30,000s. Note that the decay curves of the persistent
currents close to the critical value merge after waiting approximately 1,000 to 2,000s.
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Figure 4.1.7: The dependence of the energy barrier on the magnitude of the persistent
current for six YBCO ring-shaped films (from #1 up to #6) calculated from the re-
laxation data [Figures (4.1.5 and (4.1.6)] using the Maley’s procedure. The “Maley’s”
segments were calculated every 5 K for temperatures between 10 and 85 K.
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4.1.3 Relationship between U.g and J(T')

We have made the comparison of the dependence of Uy on the current with the
temperature dependence of the critical current [Figures (4.1.8) - (4.1.10)]. YBCO thin
films of T. = 90 — 91K could be divided into two groups characterized by different
I(T) curves: the low temperature reduction of I, normalized to I.(10K) for YBCO
films No.’s 4, 5 and 6 [Figure (4.1.9)] is larger than the corresponding decrease of
I. for YBCO films No.’s 1, 2 and 3 [Figure (4.1.8)]. The temperature dependence
of the critical current in YBCO films No.’s 7, 8 and 9 [Figure (4.1.10)], which have
a lower T, equal to 87K and 81K, are essentially similar to those for YBCO with
T. = 90 — 91K. The dependence of U,g on the current, seen in Figures (4.1.8),
(4.1.9) and (4.1.10), resembles that of the critical current on temperature. One could
conclude that Uyg(J) contains the temperature dependence of J, , which is, in fact, a
consequence of the Maley’s method adopted in our studies. We assume that U,g(J)

could be, therefore, written in the following form:
Ueg(J) = Jo(T).F(J) (4.1)

where F(J) is a certain function of the current density. Equation 4.1 is a simplified

version of a very general relation for
Uegt(J, H,T) = G(T)[J(H,T)/J(H,0)) f (g, H) (4.2)

where ¢ = J/J.(H,T) and H is the external magnetic field. This relation has been
proposed by Schnack et al [93] who introduced a general inversion scheme in order to

obtain Ugg(J, H,T) from magnetization measurements.

The temperature dependence of J. is not affected by the decay of the current
from the critical level [Figure (4.1.11)]. This means that Equation 4.1 is valid over the
whole experimental range of the relaxation times. In order to identify F(J) we plotted

Uegr/I(T') versus current in Figure (4.1.12) for six YBCO films of T, = 90—91 K. The
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data imply that F(J) could be represented by an exponential or a double-exponential

function.
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Figure 4.1.9: The comparison of the temperature dependence of the critical current
I.(T) (see Figures on the left) with the dependence of the energy barrier on the
current Upg(I) (Figures on the right), measured in YBCO ring-shaped films #4, #35,
and #6. These films have different temperature dependence of /. from that observed
in YBCO films #1, #2, and #3 [Figure (4.1.8)], which is characterized by the larger
low temperature reduction of I./I.(10K). Note that the similarities of the shape of
I(T) to that of Upg(l) imply that the calculated energy barrier is a function of I.(T).
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Figure 4.1.10: The comparison of the temperature dependence of the critical current
I.(T) (see Figures on the left) with the dependence of the energy barrier on the
current Ug(I) (Figures on the right), measured in YBCO ring-shaped films #7, #8,
and #9. These films are characterized by lower T, than that for YBCO films from #1
to # 6 [Figures (4.1.8) and (4.1.9)]. Note that the similarities of the shape of I.(T)
to that of Upg(I) imply that the calculated energy barrier is a function of I.(T).
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4.2 Discussion

We compared the experimental results of Ugg(J) with the predictions of the vortex
glass and collective pinning models, which were discussed briefly in Chapter 1. If the
Uog(J) is expressed by a power-law dependence Ugg = Up(J./J)* then the experi-
mental data give u > 1 for very small currents and p > 2.5 for large currents [Figure
(4.2.1)). This is however inconsistent with the values of 1 predicted by a collective
flux pinning model for both two-dimensional and three-dimensional systems (Section
1.2.1). The analysis of the experimental data revealed that U.g(J) can be described
by an exponential or a double exponential function of J [Figure (4.1.12)], if the tem-
perature dependence of J, is separated from the current-dependent part of Ugg (Eq.
4.1). The question is, what is the origin of the exponential form of Ugg(J) and how
it is related to the temperature dependence of the critical current density J.(T')? In
an attempt to answer this question, we produced two graphs for each YBCO thin
film [Figures (4.2.2), (4.2.3) and (4.2.4)]. The first one shows [I.(T)/I.(10K)]? versus
T/T. and the other one the logarithm of Uyg/I.(T) versus I/I.(0K). Regarding the
first graph, by plotting IC(T)§ versus temperature, we were able to separate a GL-like
dependence of I.(T') from an AB-like behaviour. Theoretical fits to the experimental
data were performed taking a superposition of two dependencies of the critical cur-
rent on temperature: a GL-like (T — T.)* dependence and an AB-like dependence
[Figure (4.2.5)]. An AB-like dependence was calculated from Clem’s model of an
Ambegaokar-Baratoff to a Ginzburg-Landau crossover in J.(T') of granular supercon-
ductors [3] using the coupling constant &g as a fitting parameter. The experimental
results and the theoretical fits for I.(T") in YBCO films of T, = 87 — 91K [Figures
(4.2.2) -(4.2.4)] suggest that high critical current density YBCO films behave like a
stack of two c-axis oriented films each having different I.(T") . From Chapter 3 and

earlier studies of the crossover in the temperature dependence of the critical current
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Figure 4.2.2: The dependence of the critical current on the normalized temperature
(plotted as [I.(T)/I.(10K)]? versus T/T. in Figures on the left) compared with the
dependence of the energy barrier on the current (plotted as log[U.g/I.(T)] versus
[I/I.(0K)] in Figures on the right) for YBCO ring-shaped films #1, #2 and #3. In
Figures (a), (b) and (c) the open circles mark the experimental data for I.(T). The
solid lines represent theoretical fits to the experimental data: they are the superpo-
sition of the GL-like dependence (dashed lines) at low temperature and the AB-like
dependence [Clem’s model (solid triangles) with the coupling constant €9 = 0.1 for
(a) and (c), and ¢y = 100 for (b)]. In Figures (d), (e) and (f) the solid straight lines
indicate that the dependence of [Upg/I.(T)] on [I/I.(0K)] is exponential. Note that
their slopes are sample independent.
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Figure 4.2.3: The dependence of the critical current on the normalized temperature
(plotted as [[.(T)/I.(10K)]3 versus T/T. in Figures on the left) compared with the
dependence of the energy barrier on the current (plotted as log[Ueg/I.(T)] versus
[I/1.(0K)] in Figures on the right) for YBCO ring-shaped films #4, #5 and #6. In
Figures (a). (b) and (c) the open circles mark the experimental data for I.(T). The
solid lines represent theoretical fits to the experimental data: they are the superpo-
sition of the GL-like dependence (dashed lines) at low temperature and the AB-like
dependence [Clem’s model (solid triangles) with the coupling constant £ = 100 for
(a), (b) and (c)]. Note that the GL-like part of I.(T) is limited to a narrower tem-
perature range in comparison to that for YBCO #1, #2 and #3 [Figure (4.2.2)].
In Figures (d), (e) and (f) the solid straight lines indicate that the dependence of
[Ueg/1(T)] on [I/1.(0K)] is exponential. Note that their slopes are sample indepen-
dent, and the same as for YBCO #1, #2 and #3 [Figure (4.2.2)].
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Figure 4.2.4: The dependence of the critical current on the normalized tempera-
ture (plotted as [I/I.(10K)]? versus T/T. in Figures on the left) compared with the
dependence of the energy barrier on the current (plotted as log[Ueg/I(T)] versus
[I(T)/I.(0K)] in Figures on the right) for YBCO ring-shaped films #7, #8 and #9.
In Figures (a), (b) and (c) the open circles mark the experimental data for I.(T'). The
solid lines represent theoretical fits to the experimental data: they are the superpo-
sition of the GL-like dependence (dashed lines) and the AB-like dependence [Clem'’s
model (solid triangles) with the coupling constant £y = 100 for (a), (b) and (c)]. In
Figures (d), (e) and (f) the solid lines indicate that the dependence of [Upg/I.(T))
on [I/I.(0K)] is exponential. Note that their slopes are sample independent and
identical to those presented in Figures (4.2.2) and (4.2.3) for YBCO from #1 to #6.
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in YBCO ( [44] and Figure (3a) in [23]), oxygen deficient thin films are character-
ized by a GL-like (T, — T)? dependence, and thin films close to the optimum doping
exhibit an AB-like I.(T") . Therefore, the superposition of a GL-like and an AB-like
indicates that each YBCO film may be modeled as a stack of two films of low and
high oxygen deficiency. At low temperatures, the AB-like part of I.(T') changes very
little, ;md I.(T) is dominated by the GL-like dependence. Calculation of Ug(J) ac-
cording to the Maley’s procedure, requires a continuous change in the critical current
as a function of temperature. This means that at low temperatures, the calculated
Ueg(J) should characterize flux pinning barrier of a superconductor which exhibits a
GL-like I.(T). At high temperatures close to T, , on the other hand, U,g(J) should

describe pinning of a superconductor with an AB-like I.(T).

The comparison of the experimental data for U,g/I.(T) versus I/I.(0K) with
those for the temperature dependence of the critical current shown in Figures (4.2.2)-
(4.2.4), implies that in a GL-like regime of the critical current, Upg/I(T) is described
by an exponential function. For an AB-like regime of I.(T'), Uyg/I.(T) is represented
by a double exponential function. Note that the straight solid lines drawn through
the experimental data for U.g/I.(T) vs I /I.(0K) in Figures (4.2.2)-(4.2.4) (d-f) have
similar slopes for all samples. This suggests that for thin film superconductors with
a GL-like temperature dependence of the critical current, Ugg/I.(T) has a universal
exponential form with a fixed factor in the exponent. Deviation of the data points
from the solid lines for small currents (high temperatures), seen especially clearly for
YBCO # 3-6 and 8, is related to another exponential function with a fixed argument
[see Figure (4.2.6)]. Therefore, for thin film superconductors with an AB-like temper-
ature dependence of the critical current, Upg/I.(T) is described by a universal double

exponential function.
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Figure 4.2.6: The dependence of the energy barrier Uyg//.(T) on the normalized
current [/I.(0K) plotted for YBCO ring-shaped films #4, 5, 6 and 8. These films
are characterized by the pronounced AB-like behavior of I.(T) close to T, [Figures
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4.2.1 Origin of the universal exponential dependence of U.g(J)

In Figure (4.2.7), we have plotted the magnitudes of the argument of the exponents
for each sample, which are represented by the slope —{din[U.g/I.(T)]/d[I/I.(0K)]}.
For a GL-like regime, which determines changes in I.(T") at low temperatures, this
slope is 3—2"- For an AB-like behaviour, which dominates I.(T") at high temperatures
close to T, , Ueg/I(T') is a sum of two exponents with slopes of 3% and % . The slopes
for both GL and AB-like regimes do not depend on the choice of the magnitude of the
constant C in Equation (2.13). However, for a constant C around 5-10 , one obtains
the best alignment of the Maley’s segments. The experimental results provided us
with the empirical formulas for Upg(J) . In a GL-like regime of I.(T")

3 J
Ueg(J) = aJc(T)ezp(-—Q—E) (4.3)
where a is a constant and J is the critical current density at T’ = 0K . In an AB-like
regime of I.(T)

3 J 9r J

5 JcO) + agea:p(—?zg)] (4.4)

Uesi(J) = Jo(T)[arexp(—
where a; and a; are constants. Note that in Equations (4.3) and (4.4), J and Jg
represent the density of the total persistent current flowing in the sample. The mag-
nitude of the second exponent in Equation (4.4) with an argument -—9227{; can be
treated as negligible in GL-like case [Equation (4.3)]. Recalling the experimental ob-
servations of nanometer-size domains coupled by Josephson tunnel junctions in the
a-b planes of YBCO [43, 44], we identify the factors —%’Sﬁ and —%"-f; with tilted
washboard potentials for overdamped (resistively-shunted) Josephson junction, which

are locked at phases of 37" and %’5 .

According to Tinkham[2], and Kulik and Yanson [94], within the RSJ (resis-
tively shunted junction) model, the time dependence of the gauge-invariant phase

difference ¢ in the presence of an externally supplied bias current, can be derived
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by equating the bias current I to the total junction current from the two parallel
channels, as follows:

I = Igsing + V/R (4.5)
where V is a voltage difference which is maintained across the junction, R is the
damping resistance, and Iy is the maximum Josephson current. Eliminating V in

Equation 4.5, one obtains a first-order differential equation.

h .do X I
Gerig @ Y= 1, (4.6)
where £2 =V . Equation 4.6 can be written as:
do 2eRlIqy, I -
E = A (Ico mé) (4 l)

When [ only slightly exceeds Ig , %;9 is always positive but varies periodically with
sing . The maximum value of the instantaneous voltage is obtained when the phase
passes through 3f mod[27] (sin¢ = —1) . This case corresponds to a maximum
resistive dissipation in a Josephson junction.

Introducing the effective potential of the junction U; as a function of ¢
g j

. , hl
Ui(#) = —Ejcoso — (5-)o (4.8)

where E; = (-"—2’;‘1) is the Josephson coupling energy, the voltage pulses correspond to

the value of U; locked at a phase of 3F:
Uil ) = —5 (0B =~ (70 (4.9)

The exponents in Equations 4.3 and 4.4 contain factors of -(-32—")(7{;) and —( 9—2"-)(-_,!5)
which represent tilted “washboard” potential U;(¢)/E; locked at phases of 3¢ and
2= . This suggests that the effective energy barrier for vortex motion in YBCO thin
films depends on the properties of intrinsic Josephson junctions. From the point of
view of the vortex motion, YBCO film behaves like a single Josephson junction or a

very coherent array of Josephson junctions.
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Note that the current density J in Equations 4.3 and 4.4 represents the mag-
nitude of the persistent current circulating in the ring. The profile of the persistent
current’s self-field in the ring can be simulated by that of the vortex field trapped in
a disk of the diameter equal to the outer diameter of the ring. Therefore, the current

density J can be also treated as that due to the total vortex current.

The empirical formulas for the energy barrier given by Equations 4.3 and
4.4, should be modified in order to include the condition Usg(J.) = 0. We could
write Upg(J) in the form Uyg(J) = J(T)F(J), like in Equation 4.1, where F(J) =
aezp(—3J/Jg) for a GL-like regime of I.(T), and F(J) = ajexp(—%J/Jo) +
alezp(-%’—'J /Jx) for an AB-like behaviour of I.(T"). The new version of the energy

barrier should be represented by
Uest = J(T)[F(J) — F(J)] (4.10)

for both cases.

4.2.2 Pinning mechanism and vortex dynamics in YBCO thin

films

We interpret the dissipation of the persistent current as due to the vortex motion
through the Josephson nanostructures in YBCO discussed in Chapter 3 [43, 44]. In
this model the a-b planes consist of cells of a few nanometers in size [Figure (4.2.8)],
which are coupled by resistively shunted Josephson tunnel junctions. We assume that
the pinning arises from a variation of the order parameter within the cell structure.
The change of the order parameter from cell to cell leads to the spatial variation of the
Josephson coupling energy between the cells in the a-b plane and between the cells
on adjacent planes in the c-direction. According to Clem et al [3] for a square array

of Josephson junctions with lattice parameter ag , the vortex structure is determined
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by the array’s geometry and the vortex core size is set by ag .

We postulate that the dependence of Ug on the current density J (Equations
4.3 and 4.4) reflects in-phase oscillations of the Josephson array due to the collective
motion of all the vortices trapped in the ring. The vortex motion occurs in the
radial -direction from the inner to the outer edge of the ring under the influence of
the Lorentz force exerted by the circulating persistent current. The vortices travel
along long Josephson junctions of the array from cell to cell. During this motion
they experience a modulation of the Josephson coupling energy on a scale of a few
nanometers. A possible scenario for the dissipation of energy in the array involves
vortex currents which sweep the array and act as bias currents for Josephson junctions
between the array’s cells. Because of the modulation of the Josephson coupling energy
in the array, if the sum of the vortex current and the persistent current exceeds the
Josephson critical current for junctions of the weakest coupling, the phase-dependent
voltage appears in the array. Maximum resistive dissipation is expected for the case

of a spatial phase-coherence.

Calculation of the power spectrum of the voltage in an Nb/ALO,./Nb square
array of Josephson junctions for different levels of the bias current has been performed
recently by Lachenmann et al [95]. For large bias currents above the array’s critical
current, junctions in the array oscillate coherently and the power spectrum S(v)
consists of sharp peaks at equal multiples of frequency v = eV R,i./mh (where R, is

the shunt-resistance and i. is the critical current of each junction in the array).

These results imply that the phase coherence at 37 /2 and 97 /2 observed in our
experiments could represent the first and the third harmonics of coherent oscillations

of the Josephson junction array.

According to our interpretation, dissipation of the persistent current could

be caused by the motion of Josephson vortices in the array. Due to a curvature of
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cell walls (Josephson junctions)

Figure 4.2.8: The schematic of the nanoscale cells (a few nanometers in size) in the
a-b planes of YBCO as described by Etheridge[43] on the basis of the high resolu-
tion electron microscopy. According to our studies, the walls between the cells form
Josephson tunnel junctions with the spatial variation of the coupling energy in the
a-b planes AE;-""(J:, y) and between the planes AE{(z,y). Crystallographic directions
of the cell walls are along the x,y axes. The a,b-axes are positioned at an angle of
about 43° relative to the x,y axes.
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magnetic flux lines trapped in the c-axis oriented ring, the vortex lines form an an-
gle with the direction perpendicular to a-b planes (c-axis direction). In a layered
superconductor, these vortices are viewed as chains of two-dimensional pancake vor-
tices connected by interplane Josephson-type vortices [96]. A pancake vortex can be
viewed as a finite segment of height equal to the interlayer spacing, of an Abrikosov

vortex directed along the c-axis.

The data obtained from our relaxation measurements show that there is a
relationship between the temperature dependence of the critical current I.(T") and
the relaxation of the persistent current. We assume that when the temperature
dependence of I, is a GL-like, the supercurrent does not “see” the Josephson nanos-
tructures in the a-b planes. Therefore, the vortex segments perpendicular to the
planes are Abrikosov-like. The interplane segments which join the Abrikosov ones
are the Josephson strings which experience the spatial modulation of the Josephson
coupling energy between the planes. Persistent current circulating in the ring exerts
the Lorentz force on the Abrikosov segments but not on the Josephson strings. The
Josephson strings move between the planes due to the drag force applied to them by
the Abrikosov segments. In this case the energy barrier for vortex motion Ugg(J) ,
(expressed by Equation 4.3) should be determined solely by the spatial variation of the
Josephson coupling energy between the planes. When the temperature dependence
of I. is an AB-like, the supercurrent flows through the Josephson nanostructures in
the a-b planes. Therefore, the in-plane pancake vortices change their character from
an Abrikosov- to a Josephson-like. The flux lines experience the modulation of the
Josephson coupling energy both in the a-b planes and between the planes. In this
case, the first exponent with a phase of 37/2 in the expression for U,g(J) (Equation
4.4) is determined by the spatial variation of the Josephson coupling energy between
the planes, similarly to a GL-like case described above. The second exponent with a

phase of 97/2 is attributed to the modulation of the Josephson coupling within the
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array in the a-b planes.

Additional experimental evidence which relates the exponent with a phase
of 37/2 to the motion of the interplane Josephson vortices in the a-b planes in a
superconductor with a GL-like I.(T') , has been provided by the measurements on
YBCO thin film #9 with T, = 81K [Figure (4.2.4) (c) and (f)]. The temperature
dependence of the critical current in this sample is dominated by a GL-like regime
[Figure (4.2.4) (c)] over a wide temperature range of 10 ~ 60K. The reduction of an
AB-like contribution to I.(T') at low temperatures by a factor of 3-4 in comparison to

that in other samples, does not change the magnitude of the phase in Equation (4.3).

Recent measurements of the microwave surface impedance in the a-b planes
of ultra-pure YBCO single crystals [97] performed by Zhai et al [98] imply that the
crystal responds like a single Josephson junction (or a coherent array of Josephson
junctions) to an ac-drive-current in the a-b plane. Their data were analyzed using
a resistively-shunted Josephson junction model. The authors concluded that the ex-
traordinary coherence of the data suggests an intrinsic effect, however, they expressed
doubts that defects like twin boundaries in YBCO crystals could respond in such a

coherent manner.

We have ruled out that the structure of the twin boundaries in YBCO thin films
is responsible for the observed vortex motion and consequently for the dissipation of
the persistent current. This is the result of the independence of the experimental data
for the energy barrier U,g(J) and the critical current I.(T’), on the growth conditions
of YBCO thin films, substrates, film thickness and the magnitude of the critical
current density J.. The structure of the twin boundaries is known to be sensitive to
oxygen content [99, 100]. Since Upg(J) is also independent of T [see Figure 4.2.4 (d),
(e) and (f)], this is an additional evidence that the energy barrier for vortex motion

is not affected by the presence of extended defects in the films. Similar conclusions
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about the role of extended defects in the pinning mechanism in YBCO have been also

drawn by Griessen et al [39] in his work on pinning in YBCO thin films.

According to earlier results (e.g. Ref. [44]) and the Halbritter’s model [101],
the major channel of the supercurrent conduction across the grain boundaries is es-
tablished through the intergrain strong links. These strong links are the microbridges
whose structure is the same as the grain i.e., consists of Josephson nanostructures.
The twin boundary layer thickness was found to be between 10 and 20 Ain optimally
doped YBCO [99]. This is of the order of the cell size in the Josephson array in the
a-b planes of YBCO. This means that the temperature dependence of the critical
current in this case is governed by the Josephson tunnel junctions in the array and
weakly pinned vortices are able to shear along these which are strongly pinned by the

grain boundaries such as twin boundaries or high angle boundaries.

Very good fit of the experimental results for U,g(J) in TIBCCO (2223) single
crystal to a double exponential function has been produced by Mexner et al [102].
The authors applied the Maley’s method to calculate U,g(J) from the relaxation
data taken at magnetic fields up to 12 T and over a temperature range of 4 — 77K.
The analysis of the data was, however, based on the collective flux creep model of

Feigelman et al [37] with the power-law dependence of the energy barrier on J.

103



Chapter 5

Distribution of currents and the critical state in

YBCO thin films

5.1 Experimental Results

We performed the measurements of magnetic flux penetration into disk- and ring-
shaped YBCO thin films as a function of applied field and temperature. The exper-
imental procedure included the measurement of the axial and radial components of
magnetic field profiles (for both shielding and trapped fields) above the sample and
the magnetic relaxation effects for both complete and partial flux penetration states.
We investigated two disk-shaped films with a diameter of 13mm and with a thickness
of 500nm (disk #1) and 200nm (disk #2), and one ring-shaped film (ring #1) with
outer and inner diameters of 8.5mm and 3mm respectively, and thickness of 500nm.

Ring #1 was etched from disk #1.

5.1.1 Magnetic-flux penetration into disk-shaped and ring-

shaped YBCO thin films

We performed a series of measurements in order to observe the process of flux pen-
etration into zero-field-cooled disk- and ring-shaped samples. The measurement of
the profiles of the radial and axial components of the magnetic shielding field was

carried out in the presence of an applied field H, perpendicular to the surface of the
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film. The profiles were measured at different temperatures (30, 40, 50 and 70 K) for
different values of H, up to 750G. Figures (5.1.1) and (5.1.3) show the results at
T = 30K for disk #2 and ring #1, respectively. The profiles of the radial and axial
components of the trapped magnetic field were measured when the applied field H,
was removed.  Figures (5.1.3) and (5.1.4) show the trapped field measurements at
T = 30K for disk #2 and ring #1, respectively. The radial shielding field profiles
for the disk [Figure (5.1.1} show that less applied magnetic field is shielded from a
larger section at the center of the disk than at higher applied field. The corresponding
trapped field profiles [Figure (5.1.3)] show that the trapped field propagates into the
sample from the edges to the center of the disk with an increasing applied field. This
behaviour does not change at higher temperatures of 50 and 70K (see Appendix A

for disk #2 and Appendix B for ring #1)

The axial and radial components of the trapped and the shielding field depend
on the applied field [Figure (5.1.5) for disk #2 and Figure (5.1.6) for ring #1]. The
applied field required to reach the saturation of the trapped field, decreases with an
increasing temperature. At higher applied field, the trapped fields for the disk and
the ring are independent of the applied field, however the shielding fields reach a
maximum at a certain applied field which decreases with an increasing temperature,
and with an increasing applied field. For the disk and the ring, the dependence of
the maximum trapped (or shielding) field, for both axial and radial directions, on
the applied field is similar. This similarity indicates that the dependence of the total
trapped (shielding) field (H; = \/—HZ—+_P_I_,2-) on the applied field could be identical to

that of its axial and radial components.

In order to verify how the magnetic field lines penetrate thin film samples,
we plotted the vectors of the shielding and trapped fields as a function of position
along the disk (ring) diameter, which were measured at a distance of 3 mm above the

sample and for different applied fields. The length of the vector at a certain position
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Figure 5.1.1: The profiles of the axial (a) and radial (b) magnetic fields shielded
by a zero-field-cooled disk #2 at various applied fields and 30 K . The shielding
field reaches maximum at applied field of about 300G. The profiles were measured
by scanning axial and radial Hall probes at a distance of 3mm above the sample.
Distances 0mm and 7.5mm mark the center and the edge of the disk, respectively.
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Figure 5.1.2: The profiles of the axial (a) and radial (b) magnetic fields shielded by
a zero-field-cooled ring #1 at various applied fields and 30 K . The shielding field
reaches maximum at applied field of about 250 G. The profiles were measured by
scanning axial and radial Hall probes at a distance of 3 mm above the sample. Dis-
tances +4.25mm and +2.50mm mark the outer and inner ring’s edges, respectively.
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mark the center and the edge of the disk, respectively.
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Figure 5.1.4: The profiles of the axial (a) and radial (b) magnetic fields trapped at
30 K by a zero-field-cooled ring #1 after applying and subsequently removing external
fields up to 750 G. The profiles were measured by scanning axial and radial Hall
probes at a distance of 3mm above the sample. Distances +4.25mm and £2.50mm
mark the outer and inner ring’s edges, respectively.
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Figure 5.1.53: Axial and radial components of the shielding and trapped fields in
zero-field-cooled disk #2 measured as a function of the applied field at various tem-
peratures. The axial components (a) and (c) were taken at the center of the disk
while the radial components (b) and (d), correspond to a maximum radial field. The
applied field was perpendicular to the sample surface. The shielding and trapped
fields were measured by scanning axial and radial Hall probes at a distance of 3mm
above the sample.
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Figure 5.1.6: Axial and radial components of the shielding and trapped fields in
zero-field-cooled ring #1 measured as a function of the applied field at various tem-
peratures. The axial components (a) and (c) were taken at the center of the ring
while the radial components (b) and (d), correspond to a maximum radial field. The
applied field was perpendicular to the sample surface. The shielding and trapped
fields were measured by scanning axial and radial Hall probes at a distance of 3mm
above the sample.
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determines the magnitude of the shielding (trapped) field at that point [Figures (3.1.7)
and (5.1.7) for disk #2 and Figures (5.1.9) and (5.1.10) for ring #1 at a temperature
of 30K ; See Appendices A and B for results at temperatures of 50K and 70K]. The
shielding field vectors show that the disk (and the ring) is uniformly shielded at very
low fields within a circular area of diameter D, approximately equal to the diameter
of the. disk (or the outer diameter of the ring). D, decreases with an increasing
applied field. For higher applied fields the shielding fields are stronger at the center
of the sample indicating that the field lines penetrate the sample from its edges, as
expected. The magnetic flux penetration is also shown by the trapped field vectors
for both the disk and the ring. The measurements of the shielding and trapped
field for disk #2 and ring #1 have been extended to include the distance above the
sample surface from 3mm up to 12mm. Since the field vectors are tangent to the
field lines, this allowed us to demonstrate an approximate mapping of the magnetic
shielding (trapped) field lines at distances higher than 3mm above the sample surface.
The results are shown for a temperature of 30K for disk #2 in Figures (5.1.11) and
(5.1.12), and for ring #1 in Figures (5.1.13) and (5.1.14). (See Appendices A and B

for results at temperatures of 50K and 70K).
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Figure 5.1.7: The vectors of the shielding field measured at 30K as a function of
position along the diameter of disk #2 (and a distance of 3mm above its surface) for
different applied fields. The magnitude of each vector is proportional to the magnitude
of the total field at the same position. Distances —7.5mm and 7.3mm mark the disk’s
edges.
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Figure 5.1.9: The vectors of the shielding field measured at 30K as a function of
position along the diameter of ring #1 (and a distance of 3mm above its surface) for
different applied fields. The magnitude of each vector is proportional to the magnitude
of the total field at the same position. Distances £4.25mm and +£2.50mm mark the
outer and inner ring’s edges, respectively.
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