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Most measurements of critical current densities in YBa2Cu3O7−d thin films to date have been performed on
films where thec axis is grown normal to the film surface. With such films, the analysis of the dependence of
the critical current,jc, on the magnetic field angle is complex. The effects of extrinsic contributions to the
angular field dependence ofjc, such as the measurement geometry and disposition of pinning centers, are
convoluted with those intrinsically due to the anisotropy of the material. As a consequence of this, it is difficult
to distinguish between proposed flux line lattice structure models on the basis of angular critical current density
measurements onc-axis films. Films grown on miscut(vicinal) substrates have a reduced measurement sym-
metry and thus provide a greater insight into the critical current anisotropy. In this paper previous descriptions
of the magnetic field angle dependence ofjc in YBa2Cu3O7−d are reviewed. Measurements on YBa2Cu3O7−d

thin films grown on a range of vicinal substrates are presented and the results interpreted in terms of the
structure and dimensionality of the flux line lattice in YBa2Cu3O7−d. There is strong evidence for a transition
in the structure of the flux line lattice depending on magnetic field magnitude, orientation, and temperature. As
a consequence, a simple scaling law cannot, by itself, describe the observed critical current anisotropy in
YBa2Cu3O7−d. The experimentally obtainedjcsud behavior of YBa2Cu3O7−d is successfully described in terms
of a kinked vortex structure for fields applied near parallel to thea-b planes.

DOI: 10.1103/PhysRevB.70.214508 PACS number(s): 74.25.Fy, 74.25.Qt, 74.25.Sv, 74.78.Bz

I. INTRODUCTION

As in all Type-II superconductors it is the structure and
pinning behavior of the Abrikosov lattice of flux vortices that
determines the critical current properties of YBa2Cu3O7−d
(YBCO). A comprehensive understanding of this is therefore
an essential prerequisite to the development of technologi-
cally useful applications of this material. Low-temperature
superconductors are either isotropic or slightly anisotropic.1

In contrast the more recently discovered high temperature
superconductor(HTS) materials are all layered, strongly an-
isotropic materials. Superconductivity is associated with the
cuprate planes which lie in thea-b planes of these materials.
For the case of YBCO the Ginzburg-Landau anisotropy pa-
rameter,g, is 5–7, whereas in Bi2Sr2CaCu2O8+x (BSCCO
2212) the value is,200. This large difference has been at-
tributed to the cuprate chains found along theb axis between
the cuprate planes in YBCO2–4 which may exhibit supercon-
ductivity.

For the more strongly anisotropic HTS materials it is rea-
sonable to start by approximating them as two-dimensional
superconductors with purely Josephson coupling between the
superconducting layers.5 This is the two-dimensional super-
conductor described by Lawrence and Doniach.6 This ap-
proach does not suffice for the case of YBCO. Indeed, over a
wide range of applied field angles it appears that the flux
lines in YBCO are the elliptical vortices which would be
expected from anisotropic Ginzburg-Landau theory.7,8 For
fields applied nearly parallel to thea-b planes Blatteret al.9

have predicted that there is a transition to a kinked vortex
state where the contiguous vortex lines consist of alternating
vortex string and pancakes segments parallel and perpen-
dicular to thea-b planes. Measurements on single crystals
indicate that the vortex lines only fully “lock-in” to the
planes when the field is within approximately 0.2° of the

a-b planes.10 The fully locked-in state will only be seen
therefore in very perfect crystals.

The variation of the structure of individual flux lines as
the magnetic field direction changes with respect to thea-b
planes means that no single scaling law will describe the
magnetic field angle dependence of the superconducting
properties of YBCO. The presence of anisotropic pinning
centers will further complicate the observed behavior. In or-
der to elucidate the several contributions to the observed de-
pendence of critical current on applied magnetic field angle it
is necessary to reduce the measurement symmetry, ideally by
arranging that the Lorentz force is not directed along a crys-
tallographic axis. In this study we achieve this aim by em-
ploying YBCO thin films grown on miscut(vicinal) sub-
strates. Thin films grown on single crystal substrates are a
convenient experimental system, especially since the step-
flow growth favored on vicinal substrates can lead to a very
clean microstructure.

II. THEORY

There has been extensive earlier work on the angular de-
pendence of critical currents in thin film YBCO. However,
these studies have all employedc-axis orientated films which
greatly complicates the interpretation of the data obtained.

The first report of the nature of the variation of critical
current with applied magnetic field angle was by Roas and
co-workers.11 Although the angular resolution of their data
was poor they identified the two most prominent features
found in the jcsud behavior of YBCO, whereu is the angle
between the applied field and thea-b planes. When the field
is applied parallel to thea-b planes they observed an “intrin-
sic pinning” peak which was attributed to pinning by the
layered structure of the superconductor. Additionally a
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smaller peak was seen when the field was aligned parallel to
the c axis. This peak was associated by Roaset al. with
pinning by twin planes. It is important to note that in their
experiment the field was rotated in a plane perpendicular to
the current so as to keepj ∧B maximized. If the field is swept
in a plane containing the current direction the peak in the
critical current observed atu=0 is due to the “force-free”12

effect.
It is immediately useful to note that these three peaks

arise for entirely different reasons. The “intrinsic” pinning
peak is simply due to the anisotropy of the superconductor
itself and the “force-free” peak arises as the Lorentz force
j ∧B tends to zero. It has since been shown that the primary
source of pinning inc-axis films is due to dislocations at the
edge of growth grains.13 It is these dislocations that lead to
thec-axis peak since they are most effective as pinning cen-
ters when the applied field is aligned with them. While the
“intrinsic” peak will not be expected to be sample dependent,
the c-axis peak will depend on the film microstructure. This
is supported by the wide variation in the prominence of the
c-axis peak seen in different samples.

The nature of the “intrinsic” peak is not straightforward.
Similar behavior is observed in BSCCO 2212 which can be
quite satisfactorily described as a two-dimensional supercon-
ductor. In BSCCO 2212 the flux lines take the form of stacks
of pancake vortices localized within thea-b planes.14 A con-
sequence of this is that any angular dependent behavior can
be taken as depending entirely on thec-axis component of
the applied field, the “Kes law.”15 In small fields the vortex
structure does, however, show more complex behavior.16 The
“Kes law” has been found to agree very well with experi-
ment in BSCCO 2212.17 Although Jakobet al..18 reported
that this scaling law also worked well for the case of YBCO,
close examination of their data shows that while the fit for
BSCCO is indeed very good, the correlation is much less
satisfactory for YBCO. Moreover, a consequence of the Kes
law is that BSCCO 2212 will not exhibit a “force-free”
effect12 as the local field is not aligned with the current di-
rection, whatever the orientation of the external field. This is
experimentally observed as constant critical current when the
applied magnetic field is rotated about thec axis19 with a
constant angle between the field and thea-b planes. YBCO
does exhibit such an enhancement of critical current in the
“force-free” geometry.8,20,21 YBCO cannot, therefore, be
treated as approximating to a two-dimensional supercon-
ductor.

Tachiki and Takahashi22 considered the effect of layering
in YBCO by noting that forT,70 K the core size for a
vortex lying along thea-b plane is less than the interplanar
spacing. They extended their model to cover orientations
other than aligned along thea-b plane by envisaging kinked
vortex lines consisting of locked-in vortex segments con-
nected by short lengths crossing the cuprate planes.23 Al-
though some authors found their data broadly fitted their
predictions24–26 none found the predicted lock-in plateau.27

This is in all likelihood because the lock-in angle is small
0.2° and is suppressed by only slight imperfections in the
crystal structure. The lock-in effect is, however, seen in high
quality single crystals.10

The intrinsic pinning peak does not disappear at higher
temperatures where the vortex core is larger than the inter-

layer spacings. If the superconductor is simply considered as
being anisotropic, Ginzburg-Landau(GL) theory predicts
that the vortex cores will become progressively more ellipti-
cal as the field is tilted. This may be described by consider-
ing an angle dependent mass anisotropy parameter1,7 eu. This
parameter is given byeu

2=e2 cos2 u+sin2 u where e is the
mass anisotropy parameter,e=1/g=Îmab/mc. From this,
scaled versions of various experimental parameters may be
obtained, for exampleBc2sud=Bc2/eu. For the case of a tilted
vortex line parallel to thea-b planes the vortex core size in
the c direction is reduced toeujab, wherejab is the GL co-
herence length in thea-b planes. If it is assumed that the
smaller core is more effectively pinned, then an “intrinsic”
pinning peak will still be found. The expected angular de-
pendence forjc,

jcsB,ud = jcseuB,u = 90 °d, s1d

is not straightforward as, in general,jc does not depend onB
in a simple fashion. Divergence from this expected behavior
at a particular angle,u, can, however, reasonably be used to
infer the existence of anisotropic pinning, as has recently
been discussed by Civaleet al.28

Blatteret al.9 reconciled these various ideas by proposing
the existence of a crossover from a lattice of conventional
rectilinear, but anisotropic, Abrikosov vortices to a regime of
kinked vortices, similar to the Tachiki and Takahashi model.
In the kinked regime pancake vortices in the cuprate planes
are linked by Josephson string vortices in the interlayers. The
pancake vortices have a fully developed normal core of ex-
tent jab. The vortices laying between the cuprate planes are
Josephson in nature and do not exhibit full suppression of the
superconducting order parameter.

Blatter introduced two critical angles,u1 andu2. Defining
u=0 to be when the applied field is aligned with the cuprate
planes foru.u1 the flux lines are conventional straight Abri-
kosov vortices. Foru1.u.u2 the flux vortices are distorted
towards the kinked state while foru,u2 the kinked state is
fully formed. They expressu1 as

tansu1d =
d

jabstd
, s2d

t is the reduced temperaturesT/Tcd, d is the interlayer spac-
ing, and Tc is the superconducting transition temperature.
The second critical angleu2 is expressed as

tansu2d = e. s3d

Above a certain critical temperatureTcr the transition is ex-
pected to be suppressed and rectilinear Abrikosov vortices
are seen for all orientations of applied magnetic field. This
critical temperature is defined as being that at which
jabsTcrd=d/Î2. In YBCO these values are29 u1,35° and
u2,11° for t=0. Tcr is predicted to be about 80 K. From Eq.
(3) we may deduce thatu2 will depend only weakly on tem-
perature sincee=jc/jab and bothjab and jc have a similar
temperature dependence.

As would be expected, the Josephson string vortices lo-
calized within thea-b planes are more weakly pinned than
the pancake vortices.21 In spite of this, a vortex channeling
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effect cannot be seen inc-axis films since there is never a
component of the Lorentz force directed in the weakly
pinned direction. In the reduced symmetry found in measure-
ments on vicinal films the expected intrinsic vortex channel-
ling effect is observed.29,30 As predicted from Eq.(2) the
width of the vortex channeling effect has been shown to vary
with changing superconducting anisotropy in calcium doped
and deoxygenated YBCO films.31

III. EXPERIMENTAL TECHNIQUE

Thin films of YBa2Cu3O7−d were prepared by pulsed laser
deposition. The films all had thicknesses of between 100 and
200 nm and were grown on single crystal SrTiO3 substrates
miscut by an angle,uv, towards the(001) direction. Vicinal
films of YBCO prepared on miscut substrates typically ex-
hibit “step-flow” growth which leads to a terraced structure
with the terraces perpendicular to the miscut.32–36 It should
be noted that the films had a low density of antiphase bound-
aries and stacking faults, this was confirmed by high-
resolution electron microscope studies.30 These types of de-
fects disrupt thea-b planes and make the interpretation of
observed critical current in terms of the flux line lattice struc-
ture and anisotropy impossible. Such defects, when present,
do, however, strongly increase the observed critical
current.37–39 The different growth modes of YBCO films on
vicinal substrates have been recently discussed by Mauriceet
al.36

Current tracks were patterned by photolithography and
Ar-ion milling to allow four terminalIV measurements, the
tracks were 200310 mm between the voltage contacts and
were patterned both perpendicularsTd and parallelsL d to the
vicinal step direction.33 Contacts were prepared by sputtering
Ag/Au bilayers. The samples were characterized using a
two-axis goniometer40 mounted in an 8 T magnet. The ge-
ometry of the measurement for aT track is shown in Fig. 1.

An IV curve was recorded at each set of experimental
parameterssB,T,u ,fd. Critical current values were deter-
mined from these curves using a criterion of 0.5mV. The
choice of a voltage criterion to determine critical currentIc

from IV curves is arbitrary, this value was chosen as the
lowest practical value given the noise in the experiment. It
was noted that the overall form of all the observedjc char-
acteristics did not change when the savedIV characteristics
were reanalyzed with different voltage criteria.

IV. EXPERIMENTAL RESULTS

In order to provide a fuller characterization of thejcsud
behavior in vicinal films, and in particular the vortex chan-
neling effect first reported by Berghuiset al.,29 jcsT,B,u ,fd
studies were performed on YBCO films grown on substrates
with varying miscut angles. The data presented in this paper
were all obtained onsTd tracks, since it is only in this ge-
ometry that the vortex channeling effect is observed. This
occurs since there is no Lorentz force component in the
weakly pinned direction on the vortex strings in measure-
ments onsL d tracks.

Figure 2 shows data taken in a 1 T field for a range of
temperatures on a 10° vicinal film. The vicinal channeling
minimum is prominent and as expected disappears above
80 K sTcrd when the flux lines are conventional Abrikosov
vortices for all field orientations.29

In Fig. 2(a), with f=0 the channeling minimum, corre-
sponding to the field being aligned with thea-b planes, is

FIG. 1. Geometry of the measurement of aT track. The upper
part of the figure shows the orientation of thea-b planes with re-
spect to the surface of the film. The miscut(vicinal) angle of the
substrate is given byuv. The lower part indicates how the tilt angle
u and rotation anglef specify the orientation of the external mag-
netic field.u=0 is defined as when the field is parallel to the planes.
At u=uv, f=0 the field is aligned with the current.

FIG. 2. jc data taken on aT track patterned on a YBCO film
grown on a 10° miscut substrate. The upperjcsud plot (a) was ob-
tained withf=0° and in a 1 T field, the inset shows an enlargement
of the channeling minimum. The lower plot(b) was obtained with
f=90°. The vortex channeling effect is visible in both plots, in(a)
the peak arises from the force-free geometry while in(b) the peak
which is partly suppressed by channeling arises from intrinsic
pinning.
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offset by 10° from a peak injc, which corresponds to the
“force-free” orientation. This confirms that the superconduct-
ing film indeed has itsc axis offset by 10° with respect to the
surface normal. In Fig. 2(b) whereu is swept withf=90°
the channeling minimum can be seen to be coincident with
the intrinsic peak injc which is consequently suppressed.
The channeling minimum is seen for allf values, as is
shown in Fig. 3. The critical current of the minimum can be
seen to be higher atf=90° than atf=0° whenu=0°. Al-
though bothu=0°, f=0° andu=0°, f=90° are orientations
of the magnetic field that give rise to vortex channeling, in
the former case the Lorentz force is purely directed along the
a-b planes whereas in the latter case there is a component
directed along thec-axis as well.

It proved impossible to grow good quality vicinal films
with a clean microstructure for angles greater than 10°. In
such films no channeling effect was observed. This is prob-
ably due to growth no longer being perfectly epitaxial, this
will give rise to dislocations,37 stacking faults, and antiphase
boundaries39 extending through the film. Such defects will
suppress in-plane vortex channeling.30

Similar data sets were also obtained on 2° and 4° vicinal
films. jcsud data obtained on 4° films is shown in Fig. 4 with
varyingT at 1 T and in Fig. 5 with varyingB at 60 K. As in
the case of the film grown on a 10° miscut substrate we
observe minima due to vortex channeling in both geometries.
As before at higher temperatures the channeling is less pro-
nounced.

The variation of thejcsud behavior with field is shown in
Fig. 5. In thef=0° geometry the effect of vortex channeling
is clear and the overall form of the minimum does not
change with varying field, being very sharp. In thef=90°
geometry, however, the channeling effect is not very pro-
nounced, and the minimum is less distinct. As the intrinsic
pinning peak and the vicinal channeling minimum are super-
posed this is a function of the relative strengths of the two
effects.

Even with a small miscut of 2° it is possible to obtain
vicinal growth and consequently observe vortex channeling.
This is shown in Fig. 6. The close angular proximity of the

vortex channeling minimum and the force-free peak mean
that the critical current increases by a factor of 5 between
u=−2° andu=0. As the minimum due to vortex channeling
and the force-free effect are overlapping the point of maxi-
mum jc is shifted. This is also visible to a lesser extent in
data recorded on the other vicinal angles. Measurements
were not performed on substrates with miscuts less than 2°, it
is expected, however, that the vortex channeling effect only
disappears when the miscut angle is small enough that the
growth becomes the c-axis island growth typically seen in
YBCO thin films.

In summarizing the experimental results it is possible to
make several general observations. The vicinal channeling
effect described in Ref. 29 in films grown by sputtering has
been reproduced in films grown by pulsed laser deposition.
This tends to suggest strongly that the effect is intrinsic
rather than linked to a particular growth technique. This
channeling effect will therefore be seen in any YBCO sample
where the current is not directed along thea-b planes and the
crystal structure is free of defects that disrupt the continuity
of the a-b planes.30 The channeling effect extends over a
range of miscut angles, the upper limit being due to the dif-
ficulty of getting epitaxial growth on substrates with a large
angle of miscut. As previously observed, channeling is sup-
pressed at high temperatures irrespective of the miscut angle.
Moreover, the effect is most easily seen in thef=0 configu-
ration where the channeling minimum is offset from the
“force-free” peak.

FIG. 3. jcsud near the vortex channeling minimum, at 1 T, 40 K,
and varying values off, for a YBCO film grown on a 10° miscut
substrate.

FIG. 4. Critical currentjc versus field tiltu, data recorded at 1 T
and varying temperature on a YBCO film grown on a 4° miscut
substrate. In(a) f was set to 0° and in(b) 90°.
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V. TRACK WIDTH

In this paper we seek to identify the extent of the chan-
neling minimum with the angular range in which there is a
crossover from rectilinear Abrikosov to kinked string-
pancake vortex lines. To support this argument it is necessary
to exclude the possibility that the width of a particular cur-
rent track has an effect on the channeling minimum by
changing the length ofa-b plane with which a vortex line
need align in order to lock-in. This will be more pronounced
in thef=90° geometry where the vortex line must align with
the 10mm width of the current track.

In the f=90° geometry the channeling minimum was
measured on a 6° vicinal film on a 10mm wide track. The

track was subsequently thinned in a focused ion beam micro-
scope to a width of 2mm. The thinned track was subse-
quently remeasured. As gallium ions, used in the milling
process, can have a deleterious effect on YBCO, theTc of the
sample was checked and seen to have remained the same.
The milling was carried out in such a way as to minimize the
amount of gallium spread over the surface of the sample.

The results from this investigation are shown in Fig. 7. It
can be seen that the width of the channeling minimum is
unaffected. The variation in the absolute value of the critical
current may be partly due to uncertainty in the width of the
superconducting channel, the region around a cut made with
a gallium beam will also have suppressed superconductivity
due to gallium implantation. This measurement clearly dem-
onstrates therefore that the width of the measurement track
does not affect the width of thejc minimum associated with
vortex channeling.

VI. DISCUSSION

The existence of a vortex channeling effect in measure-
ments on vicinal YBCO films is clear from the series of
experiments presented in this paper. In this section the mag-
netic field orientation at which crossover from Abrikosov
vortices to the kinked configuration occurs will be deter-
mined. The form of the channeling minimum will modeled
by considering the Lorentz forces and pinning on the sepa-
rate vortex elements.

As has been discussed previously the scaling law de-
scribed in Eq.(1) is not expected to work particulary well
over the entire angular range where the vortices are conven-
tional in nature. This is primarily due to enhanced pinning at
u=0° from twins and dislocations. However, away from both
this enhanced extrinsic pinning and the crossover into the
kinked vortex state the primary contribution tojcsud is not
unreasonably expected to arise primarily from the anisotropy
of the material. In Fig. 8 thejcsud characteristic with varying
temperature from Fig. 4 is shown plotted asjcsud / jcsu
=10°d. If the scaling law applies temperature should not
change the form of the rescaled curves.

From the figure this does indeed seem to be the case out-
side the range where the behavior crosses over into the vici-

FIG. 5. Critical currentjc versus field tiltu, data recorded at
60 K and varying field on a YBCO film grown on a 4° miscut
substrate. In(a) f was set to 0° and in(b) 90°.

FIG. 6. Critical currentjc versus field tiltu, data recorded at 1 T
and varying temperature on a YBCO film grown on a 2° miscut
substrate,f was set to 0°.

FIG. 7. The vortex channeling minimum measured on a 10mm
wide track in a 6° vicinal film atf=90° before(open squares) and
after (closed circles) thinning to<2 mm using a focused ion beam
microscope.
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nal channeling regime. In Fig. 8 the region over which the
jcsud plots diverge has a range of about 20°, this is consistent
with the prediction of Eq.(3) sinceu2 depends only on the
ratio between thea-b plane andc-axis coherence lengths. In
Fig. 8(b) all the peaks follow the same form with the position
of the crossover into the channeling minimum appearing to
depend on temperature.

Given that thejcsud characteristic cannot be described in
terms of the simple GL scaling equation given in Eq.(1) it is
important to determine if the behavior nearu=0° is consis-
tent with kinked vortex lines. If the vortex lines are indeed
kinked it should be possible to predict thejcsud behavior by
considering the Lorentz forces and pinning on the two types
of vortex segment, vortex strings and pancakes.

In the f=0° case the external field direction lies parallel
to the current flow foru=uv and is tilted toward thec axis as
u is varied. For an individual rectilinear vortex line the Lor-
entz force is given byjc3F0= fL where fL is the Lorentz
force per unit length on a vortex line. At the critical current
fL is simply equal tofp, the pinning force per unit length.
This analysis assumes the pinning forces arise from strong
pinning centers. In this limit the collective pinning volume is
that of a single vortex and it is reasonable to consider pin-
ning forces acting on individual vortex lines. In the case of a
kinked vortex line the Lorentz forces on and the pinning of
the separate segments will be different. For a kinked vortex
line spanning two pointsl apart and at an angleu to the
a-b planes there will be a lengthlp= l sinu of pancake ele-
ments andls= l cosu of string elements. Where the vicinal
angle isuv the Lorentz force on the entire line per unit length
will be (the Lorentz forces in this geometry being in the
same direction on both elements)

fL = jf0scosu sinuv − sinu cosuvd. s4d

Immediately it can be seen that even a kinked vortex line
will experience a force-free effect since atu=uv fL will be
zero. This is indeed what is experimentally observed, how-
ever, experimentally the critical current does not become in-
finite. There will therefore be two regimes for angle depen-
dence of the critical current in the kinked vortex regime. One
will apply where dissipation arises from the vortices depin-
ning, the second will arise in the regime near the force-free
orientation where a different dissipative mechanism must
apply.

The pinning force available on the vortex lines may be
calculated by considering pinning on individual string and
pancake elements. The pinning force per unit length of vor-
tex opposing the motion of the vortices will be given by

fp = fp,str cosu + fp,pc sinu s5d

where the subscript “pc” refers to forces on vortex pancakes
and “str” to those on vortex strings. Atj = jc, fp= fL so we
may write the following equation forjcsud combining Eqs.
(4) and (5):

jc =
fp,str cosu + fp,pc sinu

f0scosu sinuv − sinu cosuvd
s6d

The fit of the model to data on a 4° miscut sample at 40 K
and 1 T is shown in Fig. 9, herefp,pc is 8.1310−5 N m−1 and
fp,str is 4.9310−6 N m−1. The model, with simply two pa-
rameters, reproduces the main features of the experimentally
observed behavior, however, it predicts an infinite critical
current when the current is aligned with the field since, as
discussed above, at this point the Lorentz forces on the string
and pancake segments are opposite and balance out. Three
regions may be identified; in the first the flux lines are rec-
tilinear but anisotropic, in the second the vortices are kinked
but depin conventionally, and in the third regime around the
“force-free” geometry the critical current must arise from an
alternative mechanism.

FIG. 8. Data from Fig. 4 plotted againstjc/ jcsu=10°d.
suv=4°d.

FIG. 9. Comparison of the model treating the pinning on indi-
vidual vortex segments to experimental data in thef=0° orienta-
tion. The experimental data was taken on a 4° vicinal film at 1 T
and 40 K. The dotted lines indicateu2 and the dashed line the point
at which the direction of the Lorentz force on the string segments
reverses direction.
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In this distinct regime, which extends betweenu=0° and
slightly beyond the “force-free” orientation whereu=uv, a
different mechanism must account for the finite critical cur-
rent. In this range the Lorentz forces on the vortex string and
pancakes segments are in opposite directions. The vortex
pancakes are strongly pinned and subject to only a small
force per unit length. It is likely, therefore, that dissipation
occurs through cutting and joining with adjacent vortices
when each string segment is subject to a large enough force.
Flux cutting processes have been described by several au-
thors, it is important to note that at no time in the phase slip
process does a “free” vortex end appear.12,41–44

If a single vortex string segment is considered it will be
subject to certain Lorentz force, which will be opposed by
the elastic tension in the vortex string as it is deformed and
by the pinning force on the vortex string. When the force on
the vortex string exceeds a certain value,fcut, the vortex
string cuts and joins. This force represents therefore the criti-
cal current condition. A similar mechanism has been identi-
fied in grain boundaries in YBCO, which is another system
in which vortex channeling is found.45

Taking a single vortex string in thef=0° geometry the
Lorentz force on the vortex string segment will be given by
fL,seg= jcf0d sinuv cosu /sinu. The length of an individual
vortex segment for a particular magnetic field tilt is given by
d/sinu, whered is the spacing between cuprate planes. In
YBCO d is one-third of the c-axis lattice parameter
<0.39 nm. The available pinning is given byfp,seg= fcut
+sfp,strd/sinud where fcut is the force required on a single
segment for cutting and cross-joining to occur. Combining
these we may write the following equation for theu depen-
dence of the critical current in the vortex cutting region:

jc =
1

f0
F fcut tanu

d sinuv
+

fp,str

sinuv cosu
G s7d

The actually observed critical current behavior for a
kinked vortex will be the lower of that predicted by Eqs.(6)
and(7) for any particular value ofu. This is simply because
flux flow occurs if it requires a smaller Lorentz force than
that required for the cutting process. If the simple assump-
tion is made that the cutting force required per segment is
independent of its length choosing a cutting force of 3.6
310−14 N for the 40 K and 1 T data shown in Fig. 9 results
in a reasonable fit to the experimental data. This is shown in
Fig. 10.

It is clear therefore that there is a region betweenu=0°
andu<uv where the flux flows by cutting and cross joining
rather than by depinning entire vortex lines. Treating the flux
cutting force per segment as being independent of length
appears to be a reasonable first approximation.

A similar approach may be used to model the behavior of
the u dependence of the critical current in thef=90° orien-
tation by separately considering the forces on the string and
pancake vortex segments. Here the field is tilted so that the
flux lines are always perpendicular to the current. The force
on the vortex strings will be directed normal to the plane of
the film while the forces on the pancake segments are di-
rected along thea-b planes. The strong intrinsic pinning

means that the component of the force on the vortex strings
directed out of thea-b planes is always opposed by an equal
pinning force and the forces need only be resolved within the
plane. A section of a tilted vortex line is shown in Fig. 11.
The component of the force on the strings within thea-b
plane per unit length is given byjF0 cosu sinuv. The force
per unit length on the vortex pancakes is given by
jF0 sinu cosuv, the cosuv factor arising from the fact that
the pancake segments are not perpendicular to the current.
The resulting force per unit length on the vortex is then

fL = jcf0
Îscosu sinuvd2 + ssinu cosuvd2. s8d

The pinning force will act in the opposite direction to this
force with the pancake pinning per unit length given by
fp,pc sinu. The string pinning force must take into account
that the vortex string is only pinned for movement perpen-
dicular to its length21 and will be given byfp,str cosu sinq.
From Fig. 11 we can see that orientation of the Lorentz
within the a-b plane,q, will be given by tanq= fL,pc/ fL,str.

FIG. 10. The figure shows the behavior predicted by extending
the model shown in Fig. 9 to take account of vortex cutting when
the Lorentz forces on the string and pancake segments are in oppo-
site directions. The experimental data was taken on a 4° vicinal film
at 1 T and 40 K.

FIG. 11. Schematic of the forces on a segment of kinked vortex
line, thec-axis is perpendicular to the page. The figure shows, sche-
matically, a vortex string connecting two vortex pancakes. One pan-
cake will lie in the cuprate plane above the string and the other in
the cuprate plane below it. The angleq describes the rotation of the
resolved force on the vortex string within thea-b planes. Forces
directed outside thea-b plane may be neglected as strong intrinsic
pinning restricts the motion of vortex segments in thec-axis
direction.
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We may therefore write the following equation forjcsud:

jc =
1

f0
S fp,pc sinu

Îscosu sinuvd2 + ssinu cosuvd2

+
fp,str cos2 u sinuv

scosu sinuvd2 + ssinu cosuvd2D . s9d

Using Fig. 9 it is possible to compare this model for theu
dependence of the critical current to experimental data. A
comparison to data obtained on a 4° vicinal film at 40 K and
1 T is shown in Fig. 12. Within the region for which the
model is expected to be valid,uuu,u2, a good fit to the
experimental data is obtained withfp,pc=8.1310−5 N m−1

and fp,str=6.2310−6 N m−1. This is the same pancake pin-
ning force as thef=0° geometry but the required string
pinning force is marginally higher. One possible source of
this discrepancy may be that only the force balance in the
a-b plane has been considered. The vortex strings are also
subject to a Lorentz force which tends to push them in the
c-axis direction, this may increase the pinning force against
movement in thea-b plane.

VII. CONCLUSION

In the high Tc superconductor YBa2Cu3O7−d there is a
temperature and magnetic field orientation dependent cross-
over from a lattice of rectilinear Abrikosov flux lines to a

lattice of “kinked” vortices. These kinked vortex lines con-
sist of vortex pancakes crossing the cuprate planes and Jo-
sephson strings aligned in the charge reservoir layers.

As a consequence of this, “intrinsic” vortex channeling is
observed providing the superconducting transport current
does not flow parallel to thea-b planes. The minima in the
critical current versus magnetic field angle characteristic oc-
curs not because the vortex lines are “locked-in” to thea-b
planes over a wide angular range but because the transition
to the kinked vortex state changes the angular dependence of
the magnitude of the avaliable pinning force. At the angle
where the vortex lines are expected to align with the planes
imperfections in the films and thermal activation probably
ensure that the vortex lines are never entirely stringlike. We
have shown that the angular dependence of the critical cur-
rent in the “kinked” range may, to a first approximation, be
considered by summing the Lorentz force on the separate
vortex elements and comparing this to the pinning force
available to these elements. The vortex channeling effect
arises because although vortex strings are strongly pinned for
motion parallel to thec axis they are comparatively weakly
pinned for motion in thea-b planes.

In the regime where the forces on vortex pancakes and
strings are opposed it is apparent that a different mechanism
serves to limit the critical current behavior. We argue that it
is cutting and cross-joining of individual vortex string seg-
ments that give rise to flux flow. The vortex pancakes them-
selves do not flow in this region.

For magnetic fields well away from parallel to thea-b
planes, the properties of the rectilinear vortices may be
treated by using anisotropic Ginzburg-Landau theory to de-
scribe how these elliptical vortices interact with pinning cen-
ters. Thejcsud behavior in thin films does not, however, scale
using the simple scaling law obtained by Blatteret al. since
the strong pinning found in such films is highly anisotropic.

The complexity of the angular variation of the vortex
structure in YBa2Cu3O7−d is due to this material’s relatively
low superconducting anisotropy as compared to most other
high Tc superconductors. The consequent crossover transi-
tions in the vortex lattice make it impossible to apply a single
scaling law to the angular dependence of the critical current.

ACKNOWLEDGMENT

This work was supported by the Engineering and Physical
Sciences Research council.

*Electronic address: jhd25@cam.ac.uk
1V. G. Kogan and J. R. Clem, inConcise Encylopedia of Magnetic

and Superconducting Materials, edited by J. E. Evetts(Perga-
mon, Oxford, 1992).

2R. J. Cava, A. W. Hewat, E. A. Hewat, B. Batlogg, M. Marezio,
K. M. Rabe, J. J. Krajewski, W. F. Peck, and L. W. Rupp,
Physica C165, 419 (1990).

3L. F. Hou, J. Deak, P. Metcalf, and M. McElfresh, Phys. Rev. B
50, 7226(1994).

4J. L. Tallon, C. Bernhard, U. Binninger, A. Hofer, G. V. M. Wil-
liams, E. J. Ansaldo, J. I. Budnick, and C. Niedermayer, Phys.
Rev. Lett. 74, 1008(1995).

5J. R. Clem, Supercond. Sci. Technol.11, 909 (1998).
6W. E. Lawrence and S. Doniach, inProceedings of the 12th In-

ternational Conference on Low Temperature Physics, edited by
E. Kanda(Keigaku, Tokyo, 1970), p. 361.

7G. V. Blatter and G. A. Larkin, Phys. Rev. Lett.68, 875 (1992).
8R. Herzog, Ph.D. thesis, University of Cambridge, 1997.

FIG. 12. Comparison of experimental data with the model pre-
diction for an external magnetic field in thef=90° geometry. The
experimental data was taken on a 4° vicinal film at 1T and 40 K.

DURRELL et al. PHYSICAL REVIEW B 70, 214508(2004)

214508-8



9G. Blatter, M. V. Feigelman, V. B. Geshkenbein, A. I. Larkin, and
V. M. Vinokur, Rev. Mod. Phys.66, 1125(1994).

10A. A. Zhukov, H. Kupfer, P. A. J. de Groot, and T. Wolf, J. Low
Temp. Phys.117, 1513(1999).

11B. Roas, L. Schultz, and G. Saemannishenko, Phys. Rev. Lett.64,
479 (1990).

12A. M. Campbell and J. E. Evetts, Adv. Phys.50, 1249(1972).
13B. Dam, J. M. Huijbregtse, F. C. Klaassen, R. C. F. van der Geest,

G. Doornbos, J. H. Rector, A. M. Testa, S. Freisem, J. C. Mar-
tinez, B. Stauble-Pumpin, and R. Griessen, Nature(London)
399, 439 (1999).

14J. R. Clem, Phys. Rev. B43, 7837(1991).
15P. Kes, J. Aarts, V. Vinokur, and C. van der Beek, Phys. Rev. Lett.

64, 1063(1990).
16A. E. Koshelev, Phys. Rev. Lett.83, 187 (1999).
17P. Schmitt, P. Kummeth, L. Schultz, and G. Saemannischenko,

Phys. Rev. Lett.67, 267 (1991).
18G. Jakob, M. Schmitt, T. Kluge, C. Tomerosa, P. Wagner, T.

Hahn, and H. Adrian, Phys. Rev. B47, 12099(1993).
19J. H. Durrell, G. Gibson, Z. H. Barber, J. E. Evetts, R. Rössler, J.

Pedarnig, and D. Bäuerle, Appl. Phys. Lett.77, 1686(2000).
20G. Ravi Kumar, M. R. Koblischka, J. C. Martinez, R. Griessen, B.

Dam, and J. Rector, Physica C235–240, 3053(1994).
21J. H. Durrell, R. Herzog, P. Berghuis, A. P. Bramley, E. J. Tarte,

Z. H. Barber, and J. E. Evetts, Supercond. Sci. Technol.12,
1090 (1999).

22M. Tachiki and S. Takahashi, Solid State Commun.70, 291
(1989).

23M. Tachiki and S. Takahashi, Solid State Commun.72, 1083
(1989).

24T. Nishizaki, T. Aomine, I. Fujii, K. Yamamoto, S. Yoshii, T.
Terashima, and Y. Bando, Physica C185, 2259(1991).

25T. Nishizaki, T. Aomine, I. Fujii, K. Yamamoto, S. Yoshii, T.
Terashima, and Y. Bando, Physica C181, 223 (1991).

26T. Aomine, T. Nishizaki, F. Ichikawa, T. Fukami, T. Terashima,
and Y. Bando, Physica B194, 1613(1994).

27D. Feinberg and C. Villard, Phys. Rev. Lett.65, 919 (1990).
28L. Civale, B. Maiorov, A. Serquis, J. O. Willis, J. Y. Coulter, H.

Wang, Q. X. Jia, P. N. Arendt, J. L. MacManus-Driscoll, M. P.
Maley, and R. S. Foltyn, Appl. Phys. Lett.84, 2121(2004).

29P. Berghuis, E. DiBartolomeo, G. A. Wagner, and J. E. Evetts,
Phys. Rev. Lett.79, 2332(1997).

30J. H. Durrell, S. H. Mennema, C. Jooss, G. Gibson, Z. H. Barber,
H. W. Zandbergen, and J. E. Evetts, J. Appl. Phys.93, 9869
(2003).

31J. H. Durrell, J. E. Evetts, R. Rössler, M. P. Delamare, J. D.
Pedarnig, and D. Bäuerle, Appl. Phys. Lett.83, 4999(2003).

32W. F. Hu, X. J. Zhao, W. Peng, T. S. Wang, W. Liu, L. Li, C. Lei,
and Y. F. Chen, J. Cryst. Growth231, 493 (2001).

33L. Mechin, P. Berghuis, and J. E. Evetts, Physica C302, 102
(1998).

34U. Poppe, Y. Y. Divin, M. I. Faley, J. S. Wu, C. L. Jia, P. Shadrin,
and K. Urban, IEEE Trans. Appl. Supercond.11, 3768(2001).

35F. Wellhofer, P. Woodall, D. J. Norris, S. Johnson, D. Vassiloy-
annis, M. Aindow, M. Slaski, and C. M. Muirhead, Appl. Surf.
Sci. 129, 525 (1998).

36J. L. Maurice, J. Briatico, D. G. Crete, J. P. Contour, and O.
Durand, Phys. Rev. B68, 115429(2003).

37D. H. Lowndes, D. K. Christen, C. E. Klabunde, Z. L. Wang, D.
M. Kroeger, J. D. Budai, S. Zhu, and D. P. Norton, Phys. Rev.
Lett. 74, 2355(1995).

38C. Jooss, R. Warthmann, H. Kronmuller, T. Haage, H. U. Haber-
meier, and J. Zegenhagen, Phys. Rev. Lett.82, 632 (1999).

39C. Jooss, R. Warthmann, and H. Kronmuller, Phys. Rev. B61,
12433(2000).

40R. Herzog and J. E. Evetts, Rev. Sci. Instrum.65, 3574(1994).
41M. G. Blamire and J. E. Evetts, Appl. Phys. Lett.46, 1181

(1985).
42C. J. O. Reichhardt and M. B. Hastings, Phys. Rev. Lett.92,

157002(2004).
43C. Carraro and D. S. Fisher, Phys. Rev. B51, 534 (1995).
44S. A. Grigera, T. S. Grigera, E. F. Righi, G. Nieva, and F. de la

Cruz, Physica C371, 237 (2002).
45J. H. Durrell, M. J. Hogg, F. Kahlmann, Z. H. Barber, M. G.

Blamire, and J. E. Evetts, Phys. Rev. Lett.90, 247006(2003).

CRITICAL CURRENTS IN VICINAL YBa2Cu3O7−d FILMS PHYSICAL REVIEW B 70, 214508(2004)

214508-9


