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Parallel linear defects which are inclined to the sample surface normal and crossed linear defects
are introduced into DyBa2Cu307 & and Bi2Sr2CaCu208+& single crystals by high-energy heavy-
ion irradiation. The dependence of flux penetration on temperature, fluence, and applied external
magnetic Geld is investigated before and after irradiation. For crossed linear defects much higher
pinning than for parallel defects with the same density is observed for both materials. This finding
is attributed to the intersections of linear defects which allow the flux lines to be more electively
pinned than by parallel defects. In this case flux-line depinning occurs by kink-pair nucleation in
the sample volume as in the Bose-glass model. From parallel linear defects the flux lines may be
more easily depinned by nucleation of surface kinks. The observed low anisotropy j~~/ji 2 of the
critical current flowing parallel or perpendicular, respectively, to the inclination plane of the defects
in parallel-irradiated DyBa2Cu307 & is explained by diferent geometrical arrangement of defects
and flux lines in the directions of flux-line motion. During Geld decrease the anisotropy is found
to disappear in samples with parallel linear defects. For crossed defects the anisotropy j~~ jjz 2

reverses in decreasing Geld since the flux lines are electively pinned only in the inclination plane
of the linear defects. In Bi2Sr2CaCu208+& single crystals the flux penetration is isotropic; this
is understood from the pancake-vortex model. The diferent observations in DyBa2Cu307 p and
Bi&Sr&CaCu208+& single crystals are in good agreement with a recently given scaling approach.

I. INTR.ODUCTION

One of the most interesting features of high-T, super-
conductors (HTSC's) for both applications and theoret-
ical understanding is the pinning of flux lines (FL's) at
sample inhomogeneities. Pinning causes a strongly non-
linear current-voltage characteristic of the superconduc-
tor which is described by essentially two parameters, the
critical-current density j at which the Abrikosov FL s
depin at T = 0 and start to move under the inHuence
of the Lorentz force and the activation energy U. The
resulting Hux penetration is well described by model cal-
culations using a current-voltage law, e.g. , of the form
E (jij,)", in all regimes from thermally activated flux
flow (n = 1) to the classical Bean model (n )) 1) (see
Ref. 1), where Z is the electric field and the exponent n
is determined by U.

Very elfective pinning centers are linear defects (LD's)
with a radius of the nonsuperconducting core R ~2(
where ( is the coherence length. In HTSC's such defects
can be introduced by high-energy heavy-ion irrad. iation.
Various groups report an irradiation-induced shift
of the irreversibility line (IL) to higher temperatures T
and. higher magnetic Aux densities B and an enhance-

ment of j . The existence of LD's in superconductors
in which the density, extension, and direction of linear
defects are known allows one to identify specific depin-
ning mechanisms of the Aux-line lattice (FLL) to be in-
vestigated. At low temperatures the small enhancement
of U by the introduction of LD's into Bi2Sr2CaCu20g+p
(Bi2212) single crystals and (Bi,Pb)2Sr2Ca2CusOio+s-
Ag (Bi2223) tapes was attributed to Clem's pan-
cake vortex model. However, in the three-dimensional
(3D) HTSC's DyBa2Cus07 5 (DBCO) (Ref. 10) and
YBa2Cus07 s (YBCO) (Refs. 14, 15) it was suggested
that this behavior may be explained by the low en-
ergy of vortex-kink formation between LD's. Using the
Trauble-Essmann decoration technique to visualize the
FLL Leghissa et at'. and Dai et al. found a highly dis-
ordered vortex state due to randomly distributed, very
effective linear pins in Bi2212 single crystals. Theoretical
treatments of FL pinning in samples with LD's using a
Bose-glass model and their application to experimental
findings are given in Refs. l6 and 20—23.

To get a deeper insight into FL pinning and depin-
ning, in particular when the FL's are aligned parallel or
inclined to the LD's, magnetization measurements were
performed using superconducting quantum interference
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devices (SQUID's) or vibrating sample magnetometers
(VSM's). These investigations were carried out on sam-
ples with LD s generated by oblique irradiation with re-
spect to the c axis, which is oriented perpendicular to the
sample surface. In YBCO Civale et al. observed that the

enhancement is large when the applied magnetic field
II is aligned with the LD's, whereas only a small en-
hancement is observed when the LD's deviate from the
magnetic field direction. The same result was found by
Kraus et al. for DBCO single crystals which were pre-
pared by the same procedure as the crystals investigated
in this paper. However, Thompson et Ol. did not find
such an efI'ect in Bi2212 single crystals at low tempera-
tures. Similar experiments were performed by Klein et
a/. who observed a difference in the j enhancement in
Bi2212 single crystals for the difFerent directions of H
parallel and inclined to the LD's at T ) 50 K, whereas
the same behavior as reported in Ref. 25 was found for
T ( 50 K. This was attributed to a crossover from two-
dimensional (2D) to 3D vortices in such samples near T
= 50 K. Such a 2D-3D crossover was also observed in
Bi2223 tapes by Kummeth et al.

Similar experiments to the ones reported in Ref. 5 were
done by Prozorov et al. on obliquely irradiated YBCO
thin films. Angular-dependent four-terminal measure-
ments on YBCO thin films and YBCO/PrBa2Cu307
(PBCO) superlattices after oblique irradiation were per-
formed by Holzapfel et a/. who found a larger in-
crease of j for H aligned parallel to the LD's than
for H aligned parallel to the Cu-0 layers in YBCO. In
YBCO/PBCO superlattices the absence of this behav-
ior was explained by the decoupling of FL's into pancake
vortices in the superlattices. Investigations of vortices
inclined to the LD's by a large angle are of particular
interest if one wants to produce nonparallel LD's in or-
der to increase j and the irreversibility temperature T;„
above that of parallel LD's. ' FL's inclined to LD's by
large angles cannot be described in the framework of the
Bose-glass model and an extended theory is required.

Since the magnetization measurements yield only an
integral signal of currents Bowing in all directions in the
sample, a correct interpretation of the data is not easy,
especially if one has to account for large demagnetization
effects or (when the sample is rotated) for a misalign-
ment of the total magnetic moment and the apparatus
axis. A powerful tool to avoid these difFiculties is pro-
vided by local investigations of Bux distributions using
the magneto-optical Faraday e8'ect. In such experiments
difI'erent modes of FL motion parallel and perpendicular
to the LD's and two difI'erent critical currents densities
j~ and j~~ flowing perpendicular and parallel to the pro-
jection of the LD's on the sample surface are directly
visualized and can be measured simultaneously. In this
way we are able to investigate properties of the FLL and
to obtain a better understanding of the behavior of FL
motion through a forest of LD's.

In this paper we present magneto-optical observations
of flux distributions in DBCO and Bi2212 single crys-
tals after oblique irradiation with high-energy heavy ions.
We performed detailed investigations of the T, B', Bu-
ence, and angular dependence of the irradiation-induced

critical-current anisotropy. The obtained results are corn-
pared with integral magnetization measurements and
new mechanisms for FL depinning from LD's are pre-
sented.

II. EXPEB.IMENTS

A. Faraday efFect

We visualize the magnetic field distribution of a super-
conductor by magneto-optics. Since the HTSC's them-
selves have no significant magneto-optical effect, the sam-
ple surfaces have to be covered by a magneto-optically ac-
tive material. For our investigations we use the magneto-
optical Faraday efI'ect. The flux penetration is imaged
by detecting the rotation of the polarization plane when
linearly polarized light passes a magneto-optically active
layer exposed to the magnetic field of the underlying su-
perconductor. From flux-free regions the light is reflected
without rotation of the polarization plane; this light thus
cannot pass an analyzer which is set in a crossed position
with respect to the polarizer. In this way the Shubnikov
phase (with a flux-line lattice) will be imaged as bright
areas, whereas the fiux-free Meissner phase remains dark.

For the experiments presented in this paper our in-
dicators were EuSe thin films and ferrimagnetic iron-
garnet films with an in-plane anisotropy. The EuSe thin
Glms were deposited by electron-beam evaporation di-
rectly onto the sample surface, which was coated before
with an aluminum layer (thickness about 200 nm), in
order to enhance its reflectivity. This technique allows
flux distributions to be observed directly with a spatial
resolution of about 1 pm in a temperature range of 5 K
& T ( 20 K. The lower-temperature boundary is given
by the cryostat, while the upper limit is imposed by the
temperature dependence of the Verdet constant of the eu-
ropium chalcogenides, which means very low rotation an-
gles at higher temperatures. Anyway, flux distributions
at temperatures above 20 K can be visualized indirectly
by a special procedure during which the flux distribution
existing at a given temperature is observed after cooling
the sample down to 5 K. This technique gives the cor-
rect Bux patterns because j, becomes larger when the
temperature is decreased; therefore, the sample at lower
temperatures enters an undercritical state; i.e. , the Bux
distribution is not changed.

The iron-garnet film was grown by liquid phase epitaxy
onto a gallium-gadolinium substrate with a thickness of
about 3.5 pm (commercial firm Gamma Scientific Pro-
duction, Russia). s This kind of indicator allows the flux
penetration into HTSC samples to be observed directly in
the whole temperature regime of superconductivity with
a higher magnetic sensitivity than with the EuSe thin
films. However, its spatial resolution is limited by the
thickness of the indicator to about 4 p,m. The super-
conductor was glued onto this substrate by the carbon
cement "Leit-C."

The external magnetic field is generated by a copper
solenoid coil, which is cooled with liquid nitrogen and
produces a maximum field of 0.55 T. The observations
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were performed in the optical cryostat described in Refs.
32 and 36. All images can be observed directly via the
microscope or be transferred to an image processing sys-
tem for analyzing. " The image processing system allows
one to determine the grey level pixel by pixel along a
user-de6ned line.

ion bea

columnar defects
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columnar defects

B. Sample preparation and irradiation

The Bi2212 single crystals investigated here were pre-
pared by the traveling-solvent Boating-zone method as
described in Ref. 38 with dimensions of about 2 x 2
mm and about 20 pm thickness. The composition of the
crystals was determined by electron probe microanaiysis
to Bi2 y6Sry gyCay 03Cu208+ and from ac susceptibility
measurements the superconducting critical temperature
was determined to T, = 88 K with a transition width of
LT = 2.2 K.

The DBCO single crystals were grown as described in
Ref. 39. The crystal dimensions are about 500 x 500
x 15 pm3 and T, = 91 K as measured by the Meissner
efkct using SQUID magnetometry. All crystals have a
distinct twin structure which was revealed by polarized
light microscopy.

Inclined LD s were introduced by irradiation with 0.9-
GeV Ph ions at GANII (Caen, France) or, respectively,
with 500-MeV Xe ions at the ISI accelerator (Hahn-
Meitner-Institut, Berlin, Germany). The samples were
glued on copper sample holders and mounted at various
angles p between the ion beam and the surface normal,
i.e. , the c axis of the sample. For all kinds of irradiation
experiments the Huences were in the range gM = 0.1—3.8
x 10 ions/cm and the inclination direction was set
parallel to the longer crystal edges. Parallel LD's were
introduced. at y = 0, 30, and 45', whereas crossed LD's
were produced by directing the ion beam first at y = 45'
and subsequently at —45', i.e. , from the opposite side
to the sample surface; see Fig. 1. The range of both pro-
jectiles in the target material is larger than the sample
thickness. The heavy-ion irradiation lowers the critical
temperature T by about 2 K at the Huences used.

FIG. 1. Sketch of the angular irradiation. (a) Irradiation
introducing parallel LD's which are inclined to the sample
surface. (b) Production of crossed I D's by directing the ion
beam at y = +45' and y = —45' to the sample-surface
nor xnal.

III. B.ESULTS AND DISCUSSION

A. Irradiation-induced critical-current anisotropy
in DBCO

Figure 2(a) shows a polarization micrograph of the sur-
face of a DBCO single crystal before coating it with the
magneto-optical indicator layer. All DBCO single crys-
tals under study here have a distinct twin structure which
is visible as straight lines running under an angle of 45
to the sam. pie edges. The visualization of the twin struc-
ture is due to the quasi-one-dimensional optical conduc-
tivity of DBCO. In a polarization microscope the cor-
responding phase shift of light with its polarization plane
parallel to the crystallographical 6 axis results in differ-
ent intensities of regions with difI'erent twin orientations.
The c axis of the sample is perpendicular to the sur-

FIG. 2. Flux distributions in a DBCO single crystal before
and after irradiation with 500-MeV Xe ions at p = 45 and
Pt = 1.29 x 10 ionsjcm . The observation temperature
is T = 30 K before (b), (c) and T = 60 K after irradiation
(e)—(g). (a) Polarization micrograph of the crystal surface be-
fore coating with the Al and EuSe layers. The twin structure
is visible as straight lines running at 45' to the sample edges.
(b) ppH = 171 mT, (c) 256 mT. The flux distributions be-
fore irradiation were visualized using a EuSe thin 61m. (d)
Isotropic current distribution in a rectangular sample in the
critical state. (e) poH = 85 mT. The flux distributions af-
ter irradiation were revealed using a ferrimagnetic iron-garnet
indicator. (f) 171 mT, (g) 256 mT, (h) an. isotropic current
distribution in a rectangular sample. The ratio jii/j& of the
critical currents Bowing parallel or perpendicular to the LD's
can be determined by measuring the distances s~~ and s~.
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face and hence parallel to the external magnetic field.
The flux distributions before irradiation obtained at T =
30 K in applied perpendicular fields of poH = 171 mT
and 256 mT are depicted in Figs. 2(b) and 2(c), respec-
tively. The white areas are the Shubnikov phase whereas
the flux-{ree Meissner phase remains dark. We observe
a cushionlike ' flux penetration slightly disturbed by
the inHuence of the twin structure, which is visible as
bright lines of enhanced flux. density. In the critical state
[Fig. 2(c)] the flux pattern exhibits the typical double-
Y structure aligned parallel to the longer sample edge
as expected from an isotropic critical-current distribu-
tion. For a rectangular sample in the critical state the
isotropic current distribution is drawn in Fig. 2(d). Here,
a critical current of constant density j flows in the whole
superconductor. A characteristic feature of such a vec-
tor Geld with a constant absolute value of the vector is
the formation of sharp bends in the streamlines; this
was discussed for type-II superconductors in the review
by Campbell and Evetts. The bends occur at discon-
tinuity lines (d lines) of the current and divide the su-
perconductor into domains with uniform parallel current
flow. The characteristics of the d lines under various
geometric conditions and their experimental observation
were described recently in Ref. 44. To fulfill the conti-
nuity condition for the critical current, the d lines form
an angle of 45 with the edges of the rectangular sample
in the isotropic case. This indeed is approximately the
situation presented in Fig. 2(c) showing that the pinning
force density was isotropic before irradiation.

The flux distributions after irradiation with 500-MeV
Xe ions at gM = 1.29 x 10 ~ ions/cm are visualized using
a ferrimagnetic iron-garnet indicator because the EuSe
layer was soiled during preparation for the irradiation.
The ion beam was directed parallel to the longer crystal
edge and inclined to its surface by y = 45 . The flux
patterns obtained at T = 60 K are shown in Figs. 2(e)—
2(g) for poII = 85 mT, 171 mT, and 256 mT, respec-
tively. The black frames mark the crystal edges. The flux
penetration diA'ers considerably from the one observed in
the unirradiated crystal: Along the introduced LD's, i.e. ,
from the left and right sample edges, we find a deeper flux
penetration than perpendicular to the defect orientation.
Therefore, the double-Y structure of the d lines in the
critical state [Fig. 2(g)J is now oriented perpendicular to
the longer sample side, in contrast to the unirradiated
crystal as already reported in our recent paper. This
behavior was found to be a characteristic feature for an
anisotropic distribution of j, (Ref. 45) as depicted in Fig.
2(h). Here, the difFerent current densities j~~ and j~ flow-

ing parallel or perpendicular, respectively, to the LB's
are symbolized by different densities of parallel, equidis-
tant streamlines. The ratio j~~/j~ can be determined by
measuring 8~I and s~, which are the distances of flux pen-
etration depth from the sample edge to the central d line
in the two directions in the critical state. From the cur-
rent continuity equation Follows j~~/j~ = s~/s~~. Prom
Fig. 2(g) we obtain j~~/j~ —2, which is approximately
the same as for the crystal investigated in Ref. 31 (0.9-
GeV Pb ions, &p = 45, Pt = 1.41 x 10 ions/cm~). Due
to the spatial resolution of the ferrimagnetic iron-garnet

indicator, the absolute error of the distances s~~ and 8~
is 4 pm, and thus the relative error of the anisotropy ra-
tio is about 1/0. In this way we are able to determine
ratios of current densities with high accuracy although
the absolute values of the current densities can be de-
termined only inaccurately by magneto-optics. For the
anisotropy ratio we measured 8~ in the left domain as in-
dicated in Fig. 2(h); the difFerence of the flux-penetration
depths from the left and right sample edges will be dis-
cussed later. An anisotropic Hux penetration was also
observed for the crystals irradiated at y = 30'.

In Fig. 3(a) depinning processes of FL's From LD's are
shown. The LD's are drawn as cylinders; the FL's are

a)

b)

/
flux line columnar

defect

c)

FIG. 3. (a) Sketch of three difFerent modes of vortex mo-
tion parallel and perpendicular to the inclination direction of
the LD's. Process 1: vortex motion perpendicular to the LD's
forced by j~~. It is possible only after thermal activation and
spread of kink pairs in the sample volume. Process 2: vortex
motion in the inclination direction of the LD s by kink slid-
ing forced by j&. For a continuous motion kink nucleation

.at the surface is needed. Process 3: perpendicular motion as
for process 1 but due to kink nucleation at the surface which
is easier than kink-pair nucleation. The direction of vortex
and kink motion are indicated by arrows. (b) Kink nucle-
ation at the surface for vortex motion parallel (process 2) and
perpendicular (process 3) to the LD's. The nucleation energy
is largest for nucleation mode C and smallest for nucleation
mode A. (c) Current distribution and topology of d lines for
a sample with an anisotropy jl~/jz due to inclined LD s and
a difference in j& which is additionally to the case shown in
Fig. 2(h) due to difFerent surface qualities.
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bold lines. Most of each FL is pinned. by the LD's and
only the FL kinks which connect FL segments pinned in
adjacent LD's can move easily along the LD's. In in-
finitely extended samples depinning can occur only by
kink pair nucleation in the volume (process 1), as consid-
ered by Brandt and in the statistical theory of thermal
depinning f'rom randomly distributed LD's (Refs. 16, 21)
(Bose-glass model). These theories were developed for
parallel FL's and LD's where the motions in all directions
are equivalent. However, in real experimental situations
the FL's, which are usually curved due to demagnetiza-
tion Geld, are inclined to the LD's and one of the basic
assumptions, that a FL is pinned by one LD, is violated.
In this case, the FL's have to form kinks from one LD to
another which can slide easily along the LD's as depicted
in Fig. 3(a) for process 2. The sliding of kinks along the
LD's is impeded only by the background pinning which
is present already before irradiation and j~ should not
be afFected by introduction of LD's. Thus, for oblique ir-
radiation, we can conclude that the observed anisotropy
j~~/j~ is due to the different depinning processes 1 and
2 sketched in Fig. 3(a). From the above considerations
we expect a huge anisotropy ratio j~~/jz = 30 at T = 60
K (this is the ratio between the critical-current densities
in irradiated and unirradiated crystals), whereas the ex-
periment yields only a ratio j~~/j~ 2; this tells us that
this explanation is oversimpliGed.

The finding that even j~ is considerably enhanced by
the LD's and becomes comparable to j~~ may be due to
the following two reasons:

(1) The radius of the LD's may vary along the defect;
this "sausaging" impedes the free sliding of kinks.

(2) The continuous kink sliding and the maintainance
of the magnetic field direction need kink nucleation at the
sample surface. Simple kinks cannot nucleate by fIuctu-
ations in the volume but may be produced at the sam-
ple surface; only kink pairs can nucleate in the volume.
When the FL's are strongly curved, e.g. , in decreasing
H, then other features of FL motion come into play.
This is discussed. in Sec. IIID.

The Grst reason is rather unlikely because the Auctua-
tions of the diameter of the LD's are too small compared
with the coherence length ( and cannot cause the mea-
sured ratio g~~/j~ = 2. Furthermore, the shape of the
LD's produced by 0.9-GeV Pb and 500-MeV Xe is quite
difFerent. For a continuous projectile track in DBCO
an electronic energy loss S, of at least 2500 eV/A is
required. s Since S, = 4500 eV/A. for 0.9-GeV Pb but
only 2840 eV/A. for 500-MeV Xe, the surface of the LD's
produced by the latter projectile is much rougher than for
Pb irradiation. However, we observe the same anisotropy
ratio g~~/g~

—2 for both projectiles and may thus exclude
reason (1) given above. Instead we suggest that the im-
peding force for kink sliding is due to an energy barrier
for kink nucleation at the surface. If we assume that
the energy for nucleation of a kink at the surface is only
half of that for a kink pair, we conclude that the surface
kink nucleation plays the main role also for fIux motion
perpendicular to the LD's, which is induced by j~~. As
depicted in Fig. 3(b) we consider three difFerent modes
of kink nucleation at the sample surface:

(A) Kink nucleation across the acute angle between the
surface and LD. This nucleation energy is lowest because
the FL can be shortened by forming a kink.

(B) Kink nucleation perpendicular to the inclination
direction. The FL now has to be elongated to reach the
neighbored defect and thus the nucleation energy is larger
than for mode A.

(C) Kink nucleation at the obtuse angle between sur-
face and LD in the sliding direction. In this case the
nucleation energy is largest and therefore mode C does
not play a role for FL motion.

The anisotropy j~~/j~ is thus expected to be due to the
difFerent nucleation energies for kink-production modes A
and B which are responsible for the two FL motions par-
allel and perpendicular, respectively, to the inclination
direction of the LD's. For FL motion from left to right
the kinks will nucleate at the lower surface 1, whereas for
FL motion from right to left the kinks nucleate at the up-
per surface 2. Thus, difFerent surface qualities, e.g. , due
to the carbon cement at the lower, the evaporated alu-
minum layer on the upper surface, or difI'erent diameters
of the LD's at the two surfaces, should cause difFerent
potentials for kink nucleation and induce an additional
anisotropy in j~ for Aux penetration from opposite sides.
Such an anisotropy is indeed seen in Fig. 2(g) where the
double-Y structure is not exactly centered but shifted
towards the side where j~ is larger. From Fig. 2(g) we

obtain j~~/j&
——2.0 for kink nucleation at surface 1 and

g~~/g&
——2.8 for kink nucleation at surface 2. For this

case the current distribution is sketched in Fig. 3(c). An

anisotropy ratio j& /j& g 1 was observed for all our 20
DBCO single crystals after oblique irradiation.

In a brief summary, the above magneto-optical obser-
vations of an oblique-irradiation-induced anisotropy of
the critical current for vortices moving parallel and per-
pendicular to the LD's, and also of vortices moving paral-
lel to the LD's when they penetrate from opposite sam-
ple edges, indicate that kink nucleation at the sample
surface may be the dominant process for FL depinning
from LD's. The experiments presented in the following
section support these considerations.

The magneto-optically observed. anisotropy is in fact
difFerent as a matter of principle from the anisotropy ob-
served by magnetization measurements reported in Refs.
5, 15, and 24. Whereas our magneto-optic distinguishes
difFerent modes of vortex motion, measurements of mag-
netic moments M(0) at different angles 0 between the
LD's and the externally applied magnetic field H mix
the angular dependences of j~~ and j~. M(8) is a superpo-
sition of the magnetic moments caused by j~~ and j~ (or
even j((, j, and j ), M(0) = n(9)j(((0) + P(8)j~(9),
where the geometrical coeKcients n and P in general de-
pend also on the ratio j~~/j~. Furthermore, when H
is inclined to the surface normal of the sample one has
to bear in mind that the parallel component of H in-
duces a barrier for the crossflow of vortices with difFerent
orientations. ' This causes an additional anisotropy
which superimposes the efFects described above. There-
fore, we performed our magneto-optical experiments with
H aligned perpendicular to the sample surface in order
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to ensure a well-defined experimental environment.
A further interesting result of our investigations is that

the influence of twin boundaries as channels of preferred
flux penetration completely disappears after heavy-ion
irradiation. This means that twin boundaries do not re-
duce the superconductivity but only modify the pinning
behavior; namely, pinning is weak for flux penetration
along the twin boundaries and strong for perpendicu-
lar penetration. Boundaries between regions of difFer-
ent twin orientations produce high internal stresses in
the superconductor, which reduce the number of oxy-
gen vacancies and other point defects considerably. Such
boundaries are thus the most preferred channels for flux
penetration in as-grown DBCO (and YBCO) single crys-
tals. Typically this easy channeling is most efFective at
intermediate temperatures. By introducing LD's this
pinning modulation is completely masked. This would be
impossible in the case of real weak links due to suppressed
superconductivity. The disappearance of the influence of
twin boundaries on flux distributions after heavy-ion ir-
radiation was also observed in single crystals containing
LD's perpendicular to their surfaces.

In order to enhance the critical-current density fur-
ther we performed irradiation experiments which produce
crossed LD s as sketched in Fig. 1(b). The kink sliding is
now stopped at all intersections of the LD's; see Fig. 4. If
the oversimplified explanation (kink sliding —kink pair) of

a)

the j~~/j~ anisotropy for inclined LD s presented in Fig.
3(a) works, the current anisotropy should disappear in
the presence of crossed LD's.

B. Crossed linear defects in DBCO

To observe the flux distribution in the critical state in
a wider temperature range we irradiated DBCO crystals
with 0.9-GeV Pb ions at a low fluence Pt = 1.0x10
ions/cm . The irradiation angle was y = +45' to pro-
duce crossed linear defects; see Fig. 1(b). From such
a low fluence we expect a lower j enhancement than
in the previous section, because the j enhancement is
strongly dependent on the irradiation fluence. For exam-
ple, Gerhauser et a/. found a j, which is 5 times higher
for Pt = 1.5 x 10 ions/cm than for 2 x 10io ions/cm2
in Bi2212 single crystals at T = 10 K and ppH = 0.5 T.
However, as will be shown below, the decrease of j with
increasing temperature is corisiderably lower for cross-
irradiated samples than for parallel-irradiated ones; with
equal fluences it would thus be impossible with our exper-
imental setup to compare j, of both kinds of irradiation
in the same temperature range.

Figure 5 shows the flux penetration into a cross-
irradiated DBCO single crystal for (a) poII = 43 mT,
(b) 85 m T, (c) 128 m T, and (d) 213 m T. The flux distri-
butions were visualized using a ferrimagnetic iron-garnet
indicator at T = 60 K and H is aligned parallel to
the surface normal, i.e., the c axis of the crystal. The
black frame marks the sample edges. We observe an
anisotropic current distribution; namely, the flux pen-

'
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FIG. 4. Sketch of vortex motion in presence of crossed
LD's. (a) Kinks of vortices 1 and 2 which are pinned by
crossed LD's slide along the LD's. (b) The kinks of vortices
1 and 2 are pinned by the next intersection of the LD's. The
vortex bend of FL 2 at the I D intersection is more strongly
pinned than the one of FL 1 which can be depinned in its
sliding direction. The di8'erence between the two depinning
modes A and C here is due to geometry which is somewhat
similar to the difFerence of modes A and C in Fig. 3(b).
The depinning mode B by usual kink-pair nucleation is equal
along the inclination direction of the LD's and perpendicular
to them and requires an intermediate energy. The possible
modes of depinning are indicated by dashed vortex lines.

FIG. 5. Flux penetration into a cross-irradiated DBCO sin-
gle crystal. The crystal was irradiated with 0.9-GeV Pb ions
at y = +45', Pt = 1 x 10 ions/cm . The Qux distributions
were obtained using an iron-garnet indicator at T = 60 K and
applied perpendicular fields of (a) @pe = 43 mT, (b) 85 mT,
(c) 128 mT, and (d) 213 mT.
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etrates deeper into the sample from the left and right
than &om the upper and lower edges; see Fig. 5(d). Thus
the double- Y structure of the d lines is centered in the
sample and oriented perpendicular to the longer crystal
sides, whereas in the unirradiated sample the double- Y
structure is aligned with them showing an isotropic cur-
rent distribution. The anisotropy ratio after irradiation
is determined as g~~/g~ = 1.55.

In order to obtain information about the temperature
dependence of the pinning behavior we investigate the
full penetration field H* = j d of the DBCO crystals
presented here. In this investigation our experimental
setup imposes an upper limit to the 6eld range of poH
= 550 mT due to the copper solenoid coil and a lower
limit of 2 mT due to the sensitivity of the iron-garnet
indicator.

The plot H*(T) is depicted in Fig. 6. For parallel an-
gular irradiation H* is much larger at low T's than for
crossed LD's, but it drops faster with increasing T. Note
that the Buence for parallel irradiation was more than
10 times higher than for crossed irradiation. For the flu-
ences used we And an intersection of both curves at T
= 65 K; if the same Quences were used for introduction
of parallel and crossed LD's, the curve H*(T) obtained
&om cross-irradiated single crystals would always be lo-
cated above the one obtained &om the parallel-irradiated
crystals, and an intersection does not occur. The H*(T)
data for the unirradiated samples which drop to 0 already
at T 50 K are typical for all our DBCO single crystals.

The corresponding critical states for the cross-irradia-
ted sample are shown in Fig. 7 for (a) T = 30 K and
ppH = 363 mT, (b) 40 K and 288 mT, (c) 50 K and 235
mT, (d) 55 K and 213 mT, (e) 60 K and 181 mT, (f) 65 K
and 160 mT, (g) 70 K and 128 mT, and (h) 75 K and 96

mT. Additionally to the above discussed T dependence
of H* we see a change in the d-line structure, i.e., in the
anisotropy ratio j~~/j~. In the investigated field range we
can safely neglect the B dependence of j~~/j~ because in
increasing H over H* at fixed T we do not observe a
change of the d-line structure. Thus, the change of j~~/j~
is attributed to different T dependences of j~~ and j~.
The curve j~~/jz(T) is plotted in Fig. 8.

The above data are explained by Fig. 4. Figure 4(a)
shows that sliding kinks are trapped by intersections of

400

200

0
0

unir

PQl a
o eros

40 60 80 100

FIG. 6. Temperature dependence of the full penetra-
tion field H" for an unirradiated (A), a parallel-irradiated
(Qt = 1.29 x 10 ions/cm, ), and a cross-irradiated
(Pt = 1.0 x 10 ions/cm, o) DBCO single crystal.

FIG. 7. Flux distributions in the critical states in the
cross-irradiated DBCO single crystal at various temperatures.
(a) T = 30 K, ppH = 363 mT, (, b) 40 K, 288 mT, (c) 50 K,
235 mT, (d) 55 K, 213 mT, (e) 60 K, 181 mT, (f) 65 K, 160
mT, (g) 70 K, 128 mT, and (h) 75 K, 96 mT. From these flux
distributions the T dependence of j~~/j~ was determined; see
Fig. 8.
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C. Parallel and crossed linear defects in Bi2212

1.5

20 40 60 80

LD's. These traps exclude the migration of surface kinks
as a relevant depinning process; this can also be con-
cluded from the observation that the anisotropy of j~,
which was attributed to surface efFects, has disappeared;
see Figs. 5(d) and 7. If kink sliding is stopped, the FL s
are pinned in their full length by the LD's; see Fig. 4(b).
Depinning now proceeds only by kink-pair formation,
which results in a much higher activation barrier. Thus,
the activation energy of FL's pinned by crossed LD's be-
comes similar to the considerations by Brandt and in
the Bose-glass model, ' and the irradiation-enhanced
critical currents are considerably larger than for parallel
irradiation at the same fluence. In Fig. 4(b) we see that
we have to distinguish two arrangements of FL's which
are curved against (FL 1) and toith (FL 2) the FL mo-
tion, respectively. During depinning at the intersection
of the LD's, FL 1 is straightened (depinning mode A);
this yields a lower activation energy than with the de-
pinning mode C, where the FL 2 has to be considerably
more curved and stretched; see the dashed lines. Depin-
ning by kink-pair nucleation (mode B) is equivalent for
all directions of vortex motion and requires an interme-
diate activation energy. Thus, FL 1 is depinned easily by
mode A while FL 2 is not depinned by mode C since this
requires the highest activation energy and is therefore
not relevant for Aux motion. Instead, FL 2 is depinned
at another intersection of LD's where mode A can occur
(the FL's form a zigzag line through the crossed LD's).
For FL motion perpendicular to the inclination plane the
FL s depin by mode B, which needs an intermediate acti-
vation energy. Therefore, the anisotropy of j~~/j~ in pres-
ence of crossed LD's is caused by the diferent activation
energies for vortex motion perpendicular and parallel to
the inclination direction of the LD's. This explains the
observed increase of g~~/g~ with increasing T; see Fig. 8.

FIG. 8. Temperature dependence of the anisotropy ratio
j~~/j~ of a cross-irradiated DBCO single crystal. The ratio
j~~/j~ strongly increases with T showing the difFerent T de-
pendences of g~~

and jJ .

In order to investigate FL depinning from LD's in a
more anisotropic FL system we performed the same ex-
periment as described in Secs. IIIA and IIIB on Bi2212
single crystals where the FL's decouple into pancake
vortices. For both parallel inclined and crossed irra-
diation we And an enhancement of j and a shift of
the IL from about T;„=30 K up to T;„=70 K for
(Pt = 1.29 x 10 ions/cm, p = 45; 500-MeV Xe)
and T;„-80 K for crossed irradiation (Pt = 1.0 x 10
ions/cm, y = +45', 0.9-GeV Pb). Similarly to the ex-
periments on DBCO the j enhancement due to crossed
irradiation is much higher than for parallel inclined ir-
radiation at the same fluence. However, in both cases
we do not observe an anisotropy of the critical current
Howing parallel or perpendicular to the inclination direc-
tion of the LD's. These results can be explained by the
pancake structure of the FL's; see Fig. 9. The pancake
vortices are more efFectively pinned by the LD's than by
the background pinning centers. The motion of pancake
vortices is then initiated by one pancake which overcomes
the pinning potential and jumps into the next LD. After
this hopping process the neighboring pancakes can depin
more easily and the motion of the imaginary line con-
necting the pancakes (dotted line) is similar to the kink
motion along the LD's discussed in Sec. IIIA. However,
now the potential barrier for initial hopping is the same
for the two inclinations of the LD s with or against the di-
rection of vortex motion [cf. the surface —kink-nucleation
modes A, B, and C in Fig. 3(b)], because the imaginary
vortex line runs always parallel to the crystal plane be-
tween two LD's. This behavior is also predicted by the
scaling approach for anisotropic materials by Blatter et
at. If we scale the angle p =—45 with the anisotropy
factor p 60 for Bi2212, we obtain an efFective incli-
nation angle p from tan p = p tan y 1; for DBCO
with p = 6 this scaling would give an effective inclination
angle of about 10 . Therefore, in Bi2212 vortex motion

FIG. 9. Depinning of pancake vortices from inclined LD's.
The vortex motion is initiated by a single pancake which
jumps to the next LD. This hopping process is equivalent
in all directions, especially for vortex motion perpendicular
(1) and parallel (2) to the inclination direction.
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in directions 1 and 2 is equivalent and an anisotropy of
j~~/j~ cannot be observed. In the presence of parallel, in-
clined LD's the triggering hopping process occurs mainly
at the sample surface, whereas for crossed LD's the vor-
tex motion is initiated in the volume for the same reasons
as given in Secs. III A and III B for kink motion in DBCO.
As a consequence, the activation energy for vortex mo-
tion is higher in the presence of crossed LD's than it is
for inclined parallel LD's.

of the video system (camera and image processor). The
extended zone of low Aux density during IIIux exit does
not occur in unirradiated crystals. Here, reversed FL's
penetrate the sample. The reversed FL's are separated
from the pinned FL's in the sample center by a line at
which the Aux density is zero. The different types of
Aux exit in irradiated and nonirradiated single crystals,
which were observed also for parallel LD's perpendicular
and inclined to the sample surface, are explained in Fig.
12.

D. Anisotropy ratio in DBCO during fiux exit

A deviation from the anisotropic Aux penetration dis-
cussed in Sec. IIIB occurs when the external field is
decreased and the remanent state is reached. The Aux
distribution in the cross-irradiated DBCO single crystal
presented in Fig. 5 during Bux exit is shown in Fig. 10
for T = 60 K and external Gelds decreased &om ppH~
= 213 mT [Fig. 5(d)] to (a) 149 mT, (b) 128 mT, (c)
85 mT, (d) 64 mT, (e) 43 mT, (f) 32 mT, (g) 21 mT,
(h) ll mT, and (i) the remanent state H = 0. The
white &ames indicate the sample edges and the sketches
in the upper right corner of each picture are plotted to
clarify the d-line structure. The double-Y structure is
now imaged bright since in decreasing H the logarith-
mic inGnities of the Aux density, which occur at the sharp
bends of the current flow (at the d lines), change their
sign. At high fields [Figs. 10(a) and 10(d)] the observed
anisotropy remains approximately the same as in increas-
ing field [Figs. 5(d) and 10(e)]. More importantly, when
H is further decreased the pattern of the d lines changes
drastically: The central line of the double Y, which was
oriented parallel to the shorter crystal sides, now shortens
until the d lines running from the corners coincide with
the diagonals of the sample; see Fig. 10(g). When the
Geld is decreased further, the central d line grows again
but now is oriented perpendicular to the shorter crys-
tal sides. This means that the anisotropy ratio j~~/j~
decreases &om 1.55 at H = 213 mT to 0.82 in the re-
manent state (H = 0) as can be seen in Fig. 11. The
critical-current densities

g~~
and j~ during field decrease

are averaged over the critical-current distribution in each
sector, which is not in general constant.

When the Aux density has dropped to zero at the sam-
ple edges [Fig. 10(c)], a dark zone of zero-flux density
spreads into the sample as H is further decreased. In
the remanent state [Fig. 10(i)] the pinned FL's are vis-
ible only in the sample center whereas the dark zone of
zero-Aux density extends over the whole outer sample re-
gions. However, the extended zone of zero-Aux density
in the outer sample regions does not necessarily imply
that the magnetic moment should decrease with decreas-
ing H . In the region of zero-Aux density large currents
even above the critical current can Qow. Due to the
large distance from the sample center, these currents de-
termine the magnetic moment. Furthermore, we observe
that the d lines in the sample center become broader,
but their intensities remain unchanged. This may mean
an increase of the Aux density there, which cannot be
detected by a larger intensity because of the saturation
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FIG. 10. Flux distributions obtained on the same cross-
irradiated DBCO single crystal as shown in Fig. 5 during
decrease of H from 213 mT at T = 60 K [see Fig. 5(d)]. The
white frames indicate the sample edges and the small sketches
in the upper right corners are the d-line structures for clarity.
(a) 149 mT, (b) 128 mT, (c) 85 mT, (d) 64 mT, (e) 43 mT,
(f) 32 mT, (g) 21 mT, (h) 11 mT, and (i) remanent state.
Note that here the penetration of negative Hux at low 6elds
cannot be observed.
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FIG. 11. Change of the anisotropy ratio jI/jx in decreas-
ing H for the cross-irradiated sample shown in Fig. 5.

H to the value before irradiation, whereas j~ remains
almost unchanged because the collapse of FL loops is im-
peded by the intersections of the LD's. In this case the
anisotropy ratio j~~/j~ reverses in the remanent state.
However, due to the rescaled effective inclination angle

10, flux-line depinning parallel to the sample sur-
face at the intersections of LD's is only slightly more
difticult than depinning &om parallel LD's, and thus the
resulting reversed anisotropy ratio in the remanent state
stays close to unity.

Figure 13 shows the penetration of reversed flux into
the cross-irradiated DBCO single crystal starting from
the remanent state depicted in Fig. 10(i) for (a) poH
—21 mT, (b) —43 mT, (c) —64 mT, and (d) —85
mT. When the pinned FL's are annihilated by the en-
tering reversed FL's the same flux-penetration behavior
as described in Sec. IIIB for virgin magnetization is ob-
served. This series shows that during Beld decrease and
remagnetization two &onts penetrate the crystal: First,

ne

um

As depicted in Fig. 12(a) for parallel LD's oriented per-
pendicular to the sample surface the stray-field lines of
the pinned FL's in the sample center form loops around
the sample edges. The central line at which the stray
Beld vanishes moves towards the sample center when H
is decreased and FL's leave the sample. The FL's in the
outer crystal regions are strongly inclined to the direc-
tion of the LD's by the stray Beld of the pinned FL's and
even form closed loops in a region around the line B = 0.
Kinks and antikinks move easily towards each other and
annihilate as indicated by the arrows in Fig. 12(a); their
motion is impeded only by the background pinning. Due
to the strong curvature of the FL loops, intrinsic pin-
ning of the kinks between two LD's at the Cu-0 layers
can safely be neglected. Thus, the FL loops collapse and
a zone of zero-flux density remains, which extends &om
the sample edges to the pinned FL's in the center. In the
outer region the critical-current density j is determined
by the background pinning and it takes the value be-
fore irradiation. This consideration is valid for flux exit
perpendicular to the LD's and for flux exit parallel to
the inclination direction of parallel LD's as shown in Fig.
12(b). Thus, for inclined parallel LD's the anisotropy
disappears in decreasing H and in the remanent state
the distribution of the critical current is isotropic. The
direct observation that during field decrease pinning by
LD's becomes less efFective and numerous LD's are no
longer occupied by FL's (Ref. 53) supports our consider-
ations.

The situation in cross-irradiated samples sketched in
Fig. 12(c) is quite different. Whereas for flux exit per-
pendicular to the LD's we have the same behavior as
described above, the FL loops parallel to the inclination
direction are pinned by the "grid" of the LD's and the
FL motion occurs as discussed in Sec. IIIB. Thus, the
higher critical-current density j~~ decreases in decreasing

FIG. 12. (a) FL loops in parallel LD's which are oriented
perpendicular to the sample surface. The kinks between
pinned parts of a vortex loop can easily move through the
crystal. Thus, kink and antikink move towards each other
and annihilate and the vortex loop collapses. (b) FL loops in
parallel, inclined LD's. (c) FL loops in crossed LD's. The flux
lines are pinned by the LD's in the same way as described in
Sec. III 8 and thus in low fields the anisotropy reverses.
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FIG. 13. Flux distributions in the cross-irradiated DBCO
single crystal in reverse magnetic Gelds applied to the rema-
nent state shown in Fig. 10(i). The observation temperature
is 60 K. (a) ppH = —21 mT, (b) —43 mT, (c) —64 mT,
and (d) —85 mT. After annihilation of the pinned FL's in the
sample center the same Qux-penetration behavior as for virgin
magnetization is observed; see also Fig. 5.

in decreasing field the annihilation zone spreads from the
sample edges towards the center and only during remag-
netization does a front of reversed FL's penetrate the
crystal. This behavior is in contrast to nonirradiated
crystals where the reversed Hux starts to penetrate when
the flux density is zero at the sample edges, i.e. , before
the remanent state is reached.

IV. CONCLUSION

We investigated the B, T, and Pt dependences of flux
penetration and exit of DBCO and Bi2212 single crystals
with parallel linear defects (LD's) which are inclined to
the sample-surface normal, and with crossed LD's.

After introduction of parallel inclined LD's the DBCO
single crystals show an anisotropic Hux penetration from
which we deduce the anisotropy ratio j~~/j~ —2 for the
critical-current densities flowing parallel and perpendic-
ular the the inclination plane of the LD's, respectively,
at T = 60 K. This anisotropy ratio may be explained by
different kink-nucleation modes of vortices at the sample
surface, depending on the geometrical arrangement of the
LD's and the surface and on the direction of FL motion.
The observation that FL motion induced by j~ difFers for
flux penetration from opposite sides supports this consid-
eration. Additional experiments to demonstrate directly
the influence of the sample surface on FL depinning are
in progress.

For DBCO single crystals after introduction of crossed
LD's we find an anisotropy j~~/j~ = 1.55 at T = 60 K
but a higher j enhancement than for parallel irradia-
tion at the same Huence. This behavior is attributed

to the efI'ective pinning of sliding kinks at the intersec-
tions of the LD's. Therefore, FL's cannot depin by kink
nucleation at the sample surface but only by kink-pair
nucleation in the sample volume, which requires a higher
energy. In this case the depinning energy is similar to
that obtained by Brandt and in the Bose-glass model of
Nelson and Vinokur. Again, the anisotropy j~~/j~ is due
to the geometrical arrangements of the LD's, which form
difIerent angles in the difFerent directions of FL motion.
The higher pinning of cross-irradiated crystals compared
with parallel-irradiated ones nicely conGrms the results
reported in Ref. 27.

During Hux exit we find that the irradiation-induced
anisotropy disappears in the case of parallel, inclined
LD's and that it is even reversed in low fields for crossed
LD's. This behavior is explained by the strongly curved
FL's in decreasing Geld forced by the stray Geld of the
pinned FL's in the sample center which causes FL's in the
outer crystal regions to form loops. For parallel, inclined
LD's the FL loops can easily collapse since kink motion
is impeded only by the isotropic background pinning. In
the case of crossed LD s the kink motion in the inclina-
tion plane is hindered by the "grid" of LD's where the
FL loops are pinned, whereas for FL motion perpendic-
ular to the inclination plane only the weaker background
pinning determines jIl in decreasing Geld. This leads to
the existence of an annihilation zone which extends from
the sample edges to the pinned FL's in the center and the
penetration of reversed FL's as observed in unirradiated
HTSC's does not occur.

In Bi2212 single crystals we do not observe an aniso-
tropic Hux penetration either for parallel, inclined or for
crossed LD's. This finding is explained in the framework
of the pancake-vortex model where depinning of pancake
vortices from LD's is equivalent in all directions. The
crossed irradiation enhances the critical-current density
more than parallel LD's produced by the same Huence.

The difFerent behavior of DBCO and Bi2212 single
crystals after introduction of parallel, inclined or crossed
LD s is in good agreement with the scaling approach dis-
cussed by Blatter at al. In this picture, when we scale
the inclination angle p with the anisotropy factor p 60
for Bi2212 we obtain an effective inclination angle of less
than 1 and the j anisotropy disappears, whereas for
DBCO (p 6) we have an effective inclination angle of
about 10 which yields an observable j anisotropy.
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