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Temperature-dependent pinning of vortices in low-angle grain boundaries in YBa2Cu3O7Àd
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Low-angle grain boundaries with misorientation anglesu,5° in optimally doped thin films of
YBa2Cu3O72d are investigated by magneto-optical imaging. With a numerical inversion scheme of Biot-
Savart’s law it is possible to obtain the critical current density across the grain boundary with a spatial
resolution of about 5mm. This technique is now applied to determine the temperature dependence of the
critical current density across low-angle grain boundaries. The detailed analysis of the temperature dependence
shows a crossover in the pinning properties of Abrikosov-Josephson vortices which are located in the grain
boundary.
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The critical current density in thin epitaxial films of high
temperature superconductors of up toj c5831011 A/m2 at a
temperature ofT55 K has its origin in the efficient pinning
of flux lines.1,2 In the case of films on well oriented, unmod
fied substrates, screw dislocations,3 edge dislocations,4 dislo-
cation chains,5 or columnar defects6 are discussed as pinnin
sites, mainly generated due to growth mode associated
fects and/or the relaxation of the film stress caused by
lattice mismatch to the substrate. The presence of g
boundaries, however, drastically reduces the critical curre
of these films. At the grain boundary, the local breaking
the crystal symmetry causes an array of dislocation core
the superconducting film. The strain field of these dislo
tions creates regularly ordered normal conducting regions7–9

Although the superconductivity is suppressed at these d
cations, these normal conducting regions can act as pin
sites for flux lines.10 It has been found that the critical curre
across grain boundaries decreases exponentially with
creasing misorientation angle above a threshold angle ouc
'5°.11–15An explanation can be given by a local bending
the band structure16,17 in combination with the appearance
localized states due to oxygen deficiency or disorder.18–20

The behavior of the critical current across grain bounda
with misorientation angles lower thanuc is found to be very
complex,21,22 the critical current strongly depends on th
relative orientation of the grain boundary to the curre
flow23 and on the local magnetic-flux density.24 Therefore,
this topic is still the subject of intense research.

In this paper, detailed investigations of current densit
across low-angle grain boundaries are presented, with
ticular stress on the temperature dependence of the cri
current. The measurements show a distinct difference
tween the temperature dependence of the current dens
across the grain boundary and the current densities in
adjacent grains. This is strongly related to the different str
ture of the flux lines in and between the grains.25,26With the
application of a quantitative magneto-optical technique, i
now possible measure the critical current density across l
angle grain boundaries with a spatial resolution of a f
micrometers. This resolution is adequate to extract the pa
the critical current that is not related to flux line interactio
with neighboring vortices24 and can therefore be used to i
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vestigate the pinning that acts on the so-called Abrikos
Josephson~AJ! vortices inside the grain boundary.26,27

The experiments are carried out on thin films of optima
doped YBa2Cu3O72d ~YBCO! grown on bicrystalline stron-
tium titanate substrates. The substrates are oriented in@001#
direction and contain symmetric tilt grain boundaries w
misorientation angles of 0° –5°. The YBCO films are grow
by pulsed laser deposition up to a thickness of typically 1
nm. Afterwards a chemical etching process is performed
obtain square shaped films with a lateral dimension of 1 m

The critical currents of the grain boundaries are measu
by means of quantitative magneto-optics in the tempera
range ofT 57290 K. The experimental setup consists of
ferrimagnetic lutetium-doped iron garnet film as field sens
layer28 and combination of a polarization light microscop
and a charge-coupled device camera. The magnetic-flux
sity distribution can be imaged with a spatial resolution
about 3mm with high quantitative precission.29

Figure 1 shows the magneto-optical image of a YBC
film containing a 3° boundary at different temperatures. T
gray-scale represents the flux density componentBz perpen-
dicular to the film, bright parts refer to high local flux den
sities. The images are obtained after zero-field cooling
applying an external field at temperatures ofT57, 25, and
50 K. The magnitude of the external field is chosen with t
criterion to observe a constant penetration depth in the
perturbed film for all temperatures. This lead to extern
fields of Bex548,32,16 mT, respectively. The influence
the grain boundary occurs as the two bright lines in the up
part of the images.

These measurements show a changing influence of
grain boundary on the flux density distribution at differe
temperatures. Whereas the penetration depth in the un
turbed film is nearly constant as mentioned above, a str
increase of the penetration depth at the grain boundary w
increasing temperature can be observed. This is directly
lated to a significant drop of the grain-boundary current w
respect to the film current.

To get deeper insight into the current-density distributi
the magnetic-flux density data are treated by a numer
calculation scheme. The calculus is based on the law of B
©2003 The American Physical Society08-1
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and Savart that relates the flux density distribution with
current density appearing in the sample. For the case
two-dimensional current-density distributionj5( j x , j y,0), it
reads explicitly

FIG. 1. Magneto-optical images of the flux density distributi
of the bicrystalline sample containing a symmetric 3° grain bou
ary at different temperatures:T57 K ~top!, T525 K ~middle!, T
550 K ~bottom!. The applied external fields are 48 mT, 32 mT, a
16 mT, respectively.
05450
e
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Bz~x,y!5m0Hex

1m0E
V

j x~r 8!~y2y8!2 j y~r 8!~x2x8!

4purÀr 8u3
d3r 8.

~1!

For this special case, this relation can be inverted unamb
ously by using Fourier transformation and the convoluti
theorem.30 The application of this numerical scheme allow
the calculation of the current-density distribution in th
sample with a lateral resolution of about 5mm. The reduc-
tion of the resolution compared to the flux density measu
ment is due to a necessary suppression of the experime
noise level which is enhanced by the Fourier-transform p
cedure.

The application of the inversion scheme on the data
Fig. 1 yields the corresponding current-density distributio
A gray-scale representation of the magnitude of the curr
density for the measurement atT55 K is plotted in Fig. 2.

The horizontal profile in Fig. 2 indicates the current de
sity that crosses the grain boundary. In contrast to the cur
density occurring in the unperturbed film, which has a co
stant magnitude ofj c'2.531011 A/m2, the grain-boundary
current density varies drastically. This is related to the stro
dependence of the grain-boundary current on the lo
magnetic-flux density.31 A strong increase of the grain
boundary current density with increasing local flux dens
can be found in low-angle grain boundaries. This is related
the influence of vortex-vortex interactions inside and in t
vicinity of the grain boundary.24

To obtain information about the structure of the gra
boundary vortices, the interaction between the flux lines a
the grain-boundary dislocations is of high interest. To extr
this interaction from the current-density data, it is necess
to get rid of the influence of vortex-vortex interactions. Th

-

FIG. 2. Magnitude of the current density in the YBCO film
containing a 3° grain boundary atT57 K. White parts of the gray-
scale representation refer to a current densityj 52.531011 A/m2.
The profiles on the left and below the image refer to the curr
density along the solid black lines.
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can be done by focussing the determination of the cur
density on selected sections of the grain boundaries, w
the influence of the magnetic-flux density is small. For t
purpose, two main conditions have to be taken into acco
First, the local magnetic-flux density at the measured sec
has to be small enough to reduce the vortex-vortex inte
tions and second, it is necessary to have the grains in
section already penetrated by magnetic flux to avoid pertu
ing surface barrier effects.29 These conditions are, of cours
temperature dependent and it has been found that a loca
density of Bloc5(1/2)B1/3 is suitable, withB1/3 giving the
external flux density that leads to a penetration depth
about 1/3 of the distance between the samples border
center. This refers to the situation that is shown in Fi
1~a–c! and leads, e.g., toBloc'16 mT atT525 K. Even if
the magnitude of the local flux density is small, it is nece
sary to subtract the influence of the local flux line-flux lin
interaction on the current density, this is done by assumin
model which is presented in Albrechtet al.24

Under the above conditions the temperature depende
of the critical current on the 3° boundary is determine
Figure 3 shows the current densities of the unperturbed
and the grain-boundary in the temperature range ofT57
290 K.

Apart from the fact that there is a difference by a factor
about 2 between the two current densities, no significant
ture of the grain-boundary current can be observed in Fig
To get a deeper insight into the temperature dependenc
power-law behaviorj }(Tc2T)2a is checked by plotting the
data on a logarithmic scale over (Tc2T)21. The Ginzburg-
Landau power-law dependences of the two character
length scalesl,j}(Tc2T)21/2 suggest this ansatz.

Figures 4 and 5 show the temperature-dependent cu
densities across the grain-boundary and in the grains on
introduced logarithmic scale.

The current-density data in Fig. 4 can be described b
two-step power-law behavior. In the temperature range
tween T57 K and about 38 K, the phenomenological d
scription j (T)}(T2Tc)

2a yields an exponenta51.7,
which is depicted by the straight line~a! in Fig. 4. For higher
temperatures, the slope of the fitting curve changes and
finds a51.0 @straight line~b!#. This result is now compared

FIG. 3. Temperature dependence of the critical current dens
across the grain-boundary~gray! and in the grains~black!.
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with the temperature-dependent set of data for the gr
boundary. This is shown in Fig. 5.

For the grain-boundary current density also a two-s
behavior is found. The crossover temperature is determi
with T'44 K, which is in the same range as in the case
the film current. In the temperature regime below the cro
over, the exponenta is found to bea53.0, a much stronge
decrease than the current density in the film shows. T
explains again the magnetic flux penetration in the magn
optical images of Fig. 1. For higher temperature, the slope
the fitting straight line also changes. In the highe
temperature range aboveT544 K with a51.1 nearly the
same power-law dependence occurs as found for the cu
density in the grains.

To obtain further information another sample also co
taining a symmetric 3° tilt grain-boundary is investigate
this time in the remanent state. An external field ofBex
5250 mT has been applied, afterwards the measureme
performed in zero field. This sample shows a current den
in the banks ofj c53.031011 A/m2 at T57 K, a slightly

es

FIG. 4. Logarithmic plot of the current density in the grains. T
lines represent a power-law behaviorj b}(Tc2T)2a for a51.7 ~a!
anda51.0 ~b!.

FIG. 5. Logarithmic plot of the grain-boundary current densi
The lines represent a power-law behaviorj b}(Tc2T)2a for a
53.0 ~a! anda51.1 ~b!.
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higher value than the sample before. The grain-boundary
rent density is determined in this case in the remanent s
of the sample. In the remanent state there is always a p
tion, where the local flux density is zero, which means t
the current density at this point is only determined by
pinning of the vortices at the grain-boundary dislocatio
The temperature dependence of the current density at
point is depicted in Fig. 6.

It is found that the grain-boundary currents are sligh
higher compared to the measurement in Fig. 5, which can
related to the generally higher current density of the sam
or to an improved microstructure of the grain-boundary
power-law fit of the data at low temperatures, gives a va
of the exponenta52.5. In case of higher temperatures,
exponenta51.2 is found which is again in the same ran
as the values found from the measurements depicted in F
4 and 5. The deviation from the power-law behavior th
occurs for the data points very close toTc is originated in the
error bar concerning the determination ofTc . However, this
affects only the two data points at high temperatures wh
are not very robust against the determination ofTc . This
does not influence the value ofa at all.

These surprising results will now be discussed in the
lowing. The faster decrease of the grain-boundary curre
with increasing temperature belowT530240 K can be un-
derstood by considering the pinning scenarios that are
sponsible for the current densities. The current density in
films of high-temperature superconductors is determined
the pinning of flux lines at defect structures with feasib
lateral dimensions. The predominant pinning mechanism
flux-line core pinning. The condensation energy of a flux li
per unit lengthe5F0

2/(4pm0l2) can vary on the length
scale of the coherence lengthj, which is given in the frame-
work of Ginzburg-Landau theory byj5j0(Tc2T)1/2 and
j0'1.2 nm for the case of YBCO.33 The presence of a defec
with a radiusL in the film now introduces a local variation o
e0. The resulting pinning force densityf pin5max@]e/]x# can
be estimated byf pin'de/L, with d giving the reduction of
e0, always under the restrictionL>j. This relation clearly
shows that the pinning force density decreases with incr

FIG. 6. Logarithmic plot of the current density of a differe
sample measured in the remanent state. The lines give the po
law behaviorj b}(Tc2T)2a with a52.5 ~a! anda51.2 ~b!.
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ing defect radiiL and increasing coherence lengthj. At the
same time, it can be seen that a defect size that equals
coherence lengthj shows maximum pinning force density
Owing to the temperature dependence ofj, there are differ-
ent effective pinning sites at different temperatures.

To obtain insight into the occurring temperature depe
dences, we consider first the Ginzburg-Landau solution
the penetration depthl5l0(Tc2T)1/2, with l0'130 nm
for YBCO.34,35 The condensation energye is in first-order
approximation proportional tol22, which gives rise to a
temperature dependence ofe(T)5e0(Tc2T)21. The fact
that the most effective pinning sites change with tempera
leads to the approximation that the critical current density
proportional to the condensation energye, this suggestsj c

}(Tc2T)21 or a51, respectively.
The understanding of the measured temperature de

dences requires a more detailed consideration of the pin
properties of the flux lines in the grain-boundary and in t
banks. The vortices in the banks are isotropic Abrikosov v
tices that are pinned at structural defects in the film. The h
current density results from the fact that there are exist
defects with structural dimensions comparable to the coh
ence lengthj which allow nearly optimum pinning and lea
to the high occurring current densities of more thanj c52
31011 A/m2. In the presented measurements, the flux-l
density is always much lower than the defect density, so
flux lines occupy only the most effective pinning sites.

In the case of a symmetric 3° tilt grain-boundary, t
vortices in the grain-boundary are AJ vortices.27 These vor-
tices have an enlarged coherence lengthjb@j along the
grain-boundary and therefore an anisotropic vortex core.
grain boundary itself can be characterized by an array
edge dislocations with nonsuperconducting dislocat
cores.32 In the case of a 3° grain boundary, these dislocatio
have a distance of aboutd5728 nm. These dislocations ac
as pinning centers for the AJ vortices and give rise to la
current densities across low-angle grain boundaries.10

With this knowledge it is possible to understand the d
ferent temperature dependence of the film and the gr
boundary current in the low-temperature regime. The an
tropic AJ vortices in the grain boundary are pinned at
nonsuperconducting dislocation cores of the edge dislo
tions located in the grain boundary. With increasing tempe
ture the condensation energy of the flux lines is reduc
additionally the pinning potential of the dislocations is wea
ened, because the lateral dimension of the nonsupercond
ing dislocation cores increases.25 This leads to a stronge
decrease of the grain-boundary currents as compared to
film currents. The isotropic Abrikosov vortices in the film a
located in a landscape of defects with varying lateral dim
sions. Owing to the fact that the pinning force density ha
maximum when the coherence length and the defect
match, the flux lines can always find a potential depth wh
shows feasible pinning features. This reduces strongly
temperature-dependent decay of the current density. Th
fore, the current-density decrease in the film is much wea
than in the grain-boundary. The smaller exponenta52.5,
which is found for the second sample, is related to the hig

er-
8-4
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current density across the grain boundary. This means in
picture that the grain-boundary vortices in this sample
less anisotropic.

With the above described scenario one is able to un
stand the temperature dependence of the critical current
sities of film and grain boundary in the temperature reg
below T530240 K. Above this temperature both exper
mental sets of data show a different behavior of the curr
density. It can be foundj c}(Tc2T)2a with a'1.021.2 for
all of the current-temperature curves. A change in the p
ning properties occurs above which the different scena
show the same temperature dependence but with a diffe
magnitude of the current density. Gurevichet al.36 suggested
that AJ vortices in low-angle grain boundaries should
come more anisotropic with increasing temperature,
means that the decay of the current density at higher t
peratures should become faster. This cannot be found in
data presented in this paper. Furthermore, a weaker deca
the grain-boundary current is measured in the tempera
range betweenT540290 K.

Additionally, the same exponent of the power-law beha
ior for both the film and the grain-boundary currents is fou
at higher temperatures. Bringmannet al.37 showed that the
presence of defect structures in vicinity of the gra
boundary can lead to a more complex shape of the AJ vo
ces. The current data of the Figs. 4 –6 now suggest that t
vortices with a complex core geometry show a very sim
pinning behavior as the isotropic Abrikosov vortices in t
banks, only with an enhanced averaged core size that lea
, G
, B
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n

F
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a reduction of the current magnitude. This approach expla
the same temperature dependence of the curves in Figs.
respectively.

In conclusion, it is found that the quantitative magne
optical Faraday effect is an excellent tool to investigate
local current transport in thin films of high-temperature s
perconductors. The local relation between magnetic flux
current density can be determined and with this knowledg
is possible to separate the different origins of the pinn
force density, namely, the vortex-microstructure and
vortex-vortex interaction. The consideration of the pinni
force density and therefore the critical current density wh
is caused by the microstructural pinning of vortices sho
that both the film currents and the grain-boundary curre
have different origins in different temperature regimes.
case of the grain-boundary current, the description of an
tropic elongated Abrikosov-Josephson vortices which
pinned at edge dislocations in the grain-boundary are
feasible for the whole temperature range betweenT57 K
andTc . At higher temperatures, the grain-boundary vortic
are pinned in a very similar way as the isotropic Abrikos
vortices are, this can be clearly proved by the measured t
perature dependence.

The author is grateful to Ch. Jooss, E. H. Brandt, S. L
onhardt, H.–U. Habermeier, and H. Kronmu¨ller for stimulat-
ing and helpful discussions and to G. Cristiani and H.–
Habermeier for the preparation of the excellent samples.
.

B

n,

ier,
1B. Dam, J.M. Huijbregtse, F.C. Klaasen, R.C.F. van der Geest
Doornbos, J.H. Rector, A.M. Testa, S. Freisem, J.C. Martinez
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