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Anisotropically splayed and columnar defects in untwinned YBa2Cu3O72d
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Pinning by splayed and columnar defects created by 3.9 GeV197Au291 ions is investigated using transport
measurements of vortex motion perpendicular and parallel to the splay plane in untwinned crystals of
YBa2Cu3O72d. These results are compared with a sample with parallel columnar defects parallel to thec axis.
We report on the temperature, field, and angular dependence of the vortex liquid and solid state. We find that,
at twice the matching field, the irreversibility lines for pre- and post-irradiated splayed-defect samples cross.
We determine the vortex liquid pinning energy for splayed and columnar defects and show that the barrier to
vortex motion perpendicular to the splay plane is greater than that to motion parallel to the splay plane.
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INTRODUCTION

The search for the optimum vortex pinning configurati
in high temperature superconductors continues to be of g
interest due to its technological importance. In this work
report studies of the pinning effects of splayed columnar
fects introduced into untwinned single crystals
YBa2Cu3O72d. Correlated defects in the form of column
tracks induced by heavy ion irradiation have so far yield
the most noteworthy pinning enhancement by shifting
irreversibility line to higher temperatures and increasing
critical current at both high temperatures and high fields1,2

Pinning can be controlled by the irradiation fluence~which
can be related to a dose equivalent ‘‘matching field’’BF

where the number of columnar defects equals the numbe
vortices!, thereby optimizing the magnetic field range ov
which pinning is enhanced. Other previous experimental
proaches have included: inclusion of secondary phase m
rial into the parent compound,3 controlled introduction of
point defects via electron4–6 and proton irradiation;7,8 cas-
cade defect pinning induced by neutron irradiation.9 In many
cases, an enhancement of the critical current has been
served. A vortex glass state,10,11 for randomly distributed
weak point defects, and a Bose glass state,12,13 for correlated
defects, have been proposed to explain the vortex-pin
interactions in the vortex solid state.

More recently, it has been predicted that a splayed ge
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etry created by heavy ion irradiation at different angle14

would further enhance the pinning capabilities of correla
columnar defects. The splay geometry induces orientatio
confusion in the vortex array, promoting topological e
tanglement of the vortices as they bend to follow the diff
ent pinning directions. This topologicallyentangledsplay
glass ground state could have stronger pinning than theun-
entangledBose glass state. Experiments on the natural sp
created by heavy ions traveling through thick samples15 and
random splay created by fissioning the Bi atoms
Bi2Sr2CaCu2O81d via high energy protons16–18 have verified
some of these predictions. Further experiments compa
fixed angle splay to Gaussian splay19,20 suggest that the
former enhances the critical current while the latter promo
flux creep.

Here, we irradiated untwinned single crystals
YBa2Cu3O72d with heavy ions at two fixed angles defining
plane containing the crystallographicc axis ~see inset to Fig.
1!. The splayed columnar defects created by this proced
form a two dimensional barrier which, like a twin boundar
would appear very different to vortices moving parallel
perpendicular to the barrier.21 However, previous experi-
ments, which were performed on twinned samples, were
able to separate the effects of linear or splayed colum
defects from the effects of the twin planes. We used w
characterized untwinned single crystals of YBa2Cu3O72d
which showed clear first order vortex solid to liquid trans
14 594 ©1998 The American Physical Society
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tions. We performed extensive transport measurement
the effect of the Lorentz force on the vortex pinning behav
for motion parallel and perpendicular to the splay plane
the presence of an applied magnetic field along the crys
lographicc axis. A brief account of our results was present
in an earlier publication.22

Remarkably, the irreversibility lines of the pre-irradiate
and post-irradiated splayed samples cross at nearly twice
matching field. In contrast, the irreversibility lines in
sample irradiated with parallel columnar defects along thc
axis do not cross. A close investigation of the vortex liqu
state in both splayed and parallel columnar defect sam
shows several characteristic features related to the d

FIG. 1. Zero field superconducting resistive transitions bef
and after irradiation for two splayed defect crystals,~a! Y264 and
~b! Y265, and one columnar defect crystal~c! Y259. Inset shows
the irradiation geometry and the relative direction of the induc
Lorentz force. The lines are extrapolations of the normal state
sistivity above 120 K to zero temperature, depicting the nega
intercept before irradiation~lines! and after irradiation~dashed
line!.
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matching field. They include a maximum shift of the irr
versibility line after irradiation occurring at the matchin
field, a sharp increase in the onset of vortex liquid pinni
and an increase in the pinning accommodation angle
below the matching field. In addition, the measured pinn
energy in the vortex liquid state exceeds the theoretical v
tex cutting energy23 in these samples, indicating that th
splayed columnar defects effectively pin the vortex liqu
because it is topologically entangled. We determined the v
tex liquid pinning energy using an interpolation formula a
find that it follows an inverse field dependence which can
explained by avortex lacemodel which is based on th
premise that a highly entangled vortex system can be h
together by a few strong pinning centers. Furthermore,
show that in the vortex liquid state, for magnetic fields belo
the matching field, pinning is anisotropic, depending up
whether the vortex motion is parallel or perpendicular to
splay planes. We determine the onset temperature of spla
columnar defect pinning in the liquid state using angu
dependent magnetoresistance and a comparison of the r
tive state before and after irradiation. We find that, in t
vortex liquid state,isotropic pinning precedes the onset o
anisotropicpinning for magnetic fields below the matchin
field. In the vortex solid state, we demonstrate that the c
cal current for vortex motion perpendicular to the splay pla
increases with decreasing temperature at three times the
at which motion parallel to the splay plane increases. O
studies also yielded information concerning pinning in t
unirradiated state. For example, we observed a precu
peak effect just below the melting temperature in the unir
diated untwinned crystal. The peak effect results from vor
shear modulus softening prior to melting which gives rise
enhanced pinning, which in this case originates from v
weak remnant strain fields resulting from the detwinni
process of the crystal. For off axis magnetic field pinnin
the peak effect is related to enhanced pinning from isotro
point defects.

SAMPLE PREPARATION AND EXPERIMENTAL SETUP

The samples were grown by a self flux method describ
elsewhere24 which yielded small platelet single crystals wit
twin boundaries of various densities along the^110& and

^11̄0& directions. Two crystals were prepared for irradiati
with splayed columnar defects. The crystals we
detwinned25 by annealing at;450 °C under uniaxial pres
sure along one of thea/b crystallographic axes. Polarize
light microscopy showed no evidence of twins after the d
twinning process. Based on TRIM analysis,26 the crystals
were subsequently polished down to a thickness of 20mm to
ensure that the heavy ions would traverse linearly throu
the entire thickness of the sample. The final dimensions
the two crystals were: 0.15(w)30.9(l )30.02(t) mm3 ~crys-
tal Y264! and 0.6(w)30.8(l )30.02(t) mm3 ~crystal Y265!
with length l parallel to the crystallographicb axis. These
crystals are compared to a third untwinned crystal~Y259!,
with dimensions 0.18(w)30.98(l )30.02(t) mm3, irradiated
with heavy ions to form columnar defects parallel to t
crystallographicc axis. Gold wires were attached to th
samples with silver epoxy, resulting in contact resistance
less than 1V. The resistivity was measured by the standa
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TABLE I. Pre- and post-irradiation characteristics in zero field.

Crystals

Tc0 DTc0 ~10–90 %! dr/dT ~mV cm/K! r0 ~mV cm! rn ~95 K! ~mV cm!

pre- post- pre- post- pre- post- pre- post- pre- post

Y264 93.46 K 93.46 K 230 mK 310 mK 0.583 0.80 224.4 217.91 27.0 47.68
Y265 93.55 K 93.44 K 260 mK 260 mK 1.99 2.06 221.1 232.0 131.5 133.9
Y259 93.47 K 93.17 K 300 mK 320 mK 2.82 2.85 240.39 229.49 180.2 197.2
cu
pi

T
nt

a
an
re

V
on

lle

ed

st
of

l
l

-
s

e

m

64
h

s
tiv
it
ur
e

he
u
io
th

in-
by
ate
sus-

id
ag-

the
d

te
llel
one
pic

in

of
up

ll

-

lds
re
sur-

his
four probe technique using either a dc current or an ac
rent at 23 Hz applied in the Cu-O plane of the crystal. Ty
cal measuring current densities ranged from 0.08 A/cm2 to
60 A/cm2. The samples were placed in the bore of a 1.5
superconducting split coil magnet which resides in the ce
of an 8 T superconducting solenoid. The resultant field w
determined by the fields of the two orthogonal magnets
enabled the magnetic field to be rotated with very high p
cision Du,0.001° with virtually no hysteresis.

Crystals Y264 and Y265 were irradiated with 3.9 Ge
197Au291 ions at the National Superconducting Cyclotr
Laboratory ~NSCL! with a splay angle of610° from the
crystallographicc axis to a matching field ofBF50.5 T
along each direction.~See inset diagrams in Fig. 1.! The
irradiation geometry of Y264 produced a splay plane para
to the current direction, inducing a Lorentz forceFL
5(1/c)J3F perpendicular to the splay plane for an appli
magnetic field along the crystallographicc axis. In Y265, the
induced Lorentz force was parallel to the splay plane. Cry
Y259 was irradiated earlier to a matching field
BF52.0 T with the same ions along the crystallographicc
axis to create parallel columnar defects.

A. Effects of irradiation in zero magnetic field

The values of the zero field transition temperature,Tc0 ,
the width of the transition,DTc0 , the slope of the norma
state resistivity (dr/dT), the linearly extrapolated norma
state resistivity intercept atTc0 , (r0), and the normal state
resistivityrn(T595 K) before and after irradiation are sum
marized in Table I. In general, irradiation damage in the
crystals is marked by a slight decrease inTc0 and an increase
in DTc0 and the normal state resistivity. The decrease inTc0
and the increase inrn are not as dramatic as those observ
in untwinned crystals irradiated with uranium ions,27 sug-
gesting that ion size may play a role in the severity of da
age inflicted by irradiation.

Figure 1 shows the resistive transitions for crystals Y2
Y265, and Y259 before and after irradiation measured wit
current density ranging from 0.83 A/cm2 to 33 A/cm2. The
high quality of the crystals is evidenced by their high (Tc0
.93.0 K) and sharp (DTc0<300 mK) preirradiation zero-
field transition temperatures. The transition temperature
the crystals were determined from the peak in the deriva
of the zero field temperature dependence of the resistiv
All the crystals displayed a linear normal state temperat
dependent resistivity which extrapolated to negative valu
a feature usually indicative of high quality crystals. T
postirradiation curves also show similar characteristics. F
thermore, the zero field resistive transitions after irradiat
decreased by less than 300 mK in all cases. For two of
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crystals, Y265 and Y259, the normal state resistivity
creased by only a few percent, while for Y264 it increased
;40%. This crystal also displayed the lowest normal st
resistivity, suggesting that the cleanest crystals are most
ceptible to damage by irradiation.

B. Vortex liquid pinning and the irreversibility line

We investigate below, the behavior of the vortex liqu
state before and after irradiation in the presence of a m
netic field along the crystallographicc axis (Hic). From the
temperature dependence of the resistivities we obtain
vortex lattice melting line before irradiation, the pre- an
postirradiation irreversibility lines and the vortex liquid sta
pinning energy for vortex motion perpendicular and para
to the splay plane. Furthermore, we find a peak effect in
of the unirradiated samples related to pinning by anisotro
defects nearHic and by isotropic defects away fromHic,
which shows evidence against geometrical barrier pinning
YBa2Cu3O72d crystals, at least at high magnetic fields.

Figure 2 shows the resistive transition as a function
temperature for Y264 before irradiation in magnetic fields
to 8 T applied parallel to the crystallographicc axis. We find
a sharp ‘‘kink’’ at the tail of the resistive transition for a
fields up toH58 T. This ‘‘kink’’ is associated with a first
order vortex solid to liquid melting transition usually ob
served in clean untwinned crystals.28–30 The inset to Fig. 2

FIG. 2. Temperature dependence of the resistivity in finite fie
for Y264.Tm andTp indicate the vortex lattice melting temperatu
and the peak effect temperature respectively. Note the two mea
ing currentsJ53.3 A/cm2 and 33 A/cm2 for H51 T. Inset: Mag-
netic phase diagram showing the vortex lattice melting line for t
crystal.
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shows the magnetic phase diagram depicting the vortex
tice melting line for Y264. The melting temperature was d
termined from the onset of the ‘‘kink’’ in the resistivity. Th
data can be fitted withH5H0(12T/Tc0)a, where H0
5105 T anda51.3760.01, consistent with values obtaine
in other high quality untwinned crystals.29,31

At high measuring current densities we observed a p
effect in the critical current. The data in Fig. 2 were obtain
with a measuring current density of 3.3 A/cm2. At this mea-
suring current, we observed a second ‘‘step’’ just below
‘‘kink’’ for H<2 T. At higher fields, only one sharp trans
tion is observed atTm . The non-Ohmic region begins jus
below the ‘‘kink’’ as shown by the deviation atTm
590.0 K between the two resistive curves forH51.0 T, ob-
tained with a measuring current density ofJ53.3 A/cm2 and
33 A/cm2 respectively. For the latter curve, we observe
resistive minimum atTp589.25 K. This minimum occurs in
the non-Ohmic regime and implies a ‘‘peak effect’’32–35 in
the critical current.

In order to further investigate the peak effect, we plot t
tail end of the resistive transition as a function of tempe
ture for H51 Tic for various measuring current densities
Fig. 3~a!. For low excitation currents,J50.33 A/cm2, we
observe only a single ‘‘kink’’ at the vortex lattice meltin
transition. Increasing the measuring current by an orde
magnitude to 3.3 A/cm2 yields another ‘‘step’’ just below
Tm . With further increase in the current, the height of t
‘‘step’’ increases and merges into a single broad ‘‘kink’’

FIG. 3. Tail of the resistive transition of Y264 forH51 Tic for
~a! different measuring currents, and~b! tilt angles of the magnetic
field with respect to thec axis.
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Tm . This is clearly shown forJ566 A/cm2, where the
height of the ‘‘step’’ approaches the ‘‘kink’’ atTm and a
pronounced ‘‘peak effect’’ or dip in the resistivity become
evident about 0.5 K below the melting temperature atTp

589.20 K. In previous reports comparing transport measu
ments with magnetization measurements, the ‘‘kink’’ in t
resistive transition has been associated with a thermo
namic vortex melting transition which occurs at the onset
the ‘‘kink’’ at Tm , where a corresponding jump in the ma
netization is also observed.36 There, it was shown that the
width of the jump in the magnetization is independent of t
broadening of the resistive transition below the kink w
increasing measuring current. These results suggest tha
broadening is due to vortex flow in the solid state when
measuring current exceeds the depinning current.
‘‘step’’ and the minimum in the resistivity just below th
melting transition is indicative of enhanced pinning arisi
from the elastic distortion of the ‘‘soft’’ vortex lattice to
accommodate favorable pinning sites.34 We can gain some
insight to the nature of the pinning site by tilting the ma
netic field with respect to thec axis.

Figure 3~b! shows the sameH51.0 T resistive transition
for Y264 for several different magnetic field orientations~u!
with respect to thec axis. A tilt of only 5° off the c axis
decreases the depth of the dip atTp , thus reducing the resis
tive ‘‘peak effect.’’ This suggests that the pinning site
highly anisotropic. However, a small remnant resistive d
with constant depth is still visible up tou540°, which indi-
cates that at tilt angles greater than 5°, the pinning beco
isotropic. The peak effect atu50° is probably due to re-
sidual strain fields in the detwinned crystal. Although
twin boundaries were observed by polarized light micro
copy, a small strain field may remain at the sites of t
former twin boundaries. The weakness of the strain field
underlined by its small pinning accommodation angleuacc of
less than 5°~in densely twinned samples,uacc.25°) and its
occurrence only in the vortex solid phase where a finite sh
modulus enhances the pinning. The isotropic pinning au
.5° probably comes from point defects such as oxygen
order. We can rule out surface barriers,37 since rotating the
magnetic field with respect to the crystal does not seem
change the depth of the dip. If surface barriers were imp
tant, we would expect to see a change in this height since
geometry of the magnetic field with respect to the crys
surface for a platelet sample changes considerably with r
tion, and would thus affect the pinning.

Y264 was irradiated with 3.9 GeV197Au291 ions in a
splay geometry with incident angles ofu5610° from thec
axis. The fluence was equivalent to a matching field ofBF

50.5 T in each direction, resulting in a total matching fie
of BF51 T. With Jib andHic, a Lorentz force is induced
on the vortices in a direction perpendicular to the splay
fect plane. The normalized resistivityr/r(Tc0) for Y264 as a
function of reduced temperaturet5T/Tc0 for several mag-
netic fields after irradiation~thick lines! is shown in Fig.
4~a!. For comparison we include the preirradiation data~thin
lines! from Fig. 2. The measuring current is 3.3 A/cm2 for
both sets of resistivity curves. In contrast to the preirrad
tion temperature dependence, the sharp ‘‘kink’’ associa
with the vortex melting transition is absent. Furthermo
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unlike the behavior observed in the preirradiation crystal,
curves display Ohmic behavior throughout the entire tran
tion. At fields greater thanH54 T, a bump in the tail of the
resistive transition begins to develop, becoming a more
vious ‘‘shoulder’’ atH58 T. This ‘‘shoulder’’ is similar to
those observed in electron irradiated untwinned crystals
YBa2Cu3O72d,

6 and suggests that point defects may beco
important atH.BF and at lower temperatures.

Another salient difference is the zero resistance temp
ture. For H,3 T, the resistivity for the irradiated samp
goes to zero at a higher temperature than that for the un
diated sample, indicating that pinning is enhanced after i
diation. However, forH.3 T, the zero resistivity point for
the unirradiated case lies above that of the irradiated c
indicating a reversal in the pinning behavior. The normaliz
resistivity plot allows us to identify the onset of pinning
the vortex liquid state as the separation point between

FIG. 4. Comparison of the temperature dependence of the r
tivity in finite magnetic fields before~thin lines! and after~thick
lines! irradiation for~a! Y264 and~b! Y265 atH50.5, 1, 2, 3, 4, 6,
and 8 Tic and for~c! Y259 atH50.5, 2, 4, and 8 Tic. The circles
at Tsp depict the onset of pinning, resulting from heavy ion irrad
tion. Inset: Magnetic phase diagram for Y265 and Y259 show
the vortex lattice melting line.
e
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unirradiated and irradiated resistivity curves, designated
Tsp, and indicated by a circle in Fig. 4. ForH.BF , the
resistive onset of pinning occurs nearr/rn;0.5, much
higher than the values obtained for twin boundary pinning
YBa2Cu3O72d where r/rn;0.25.21 Furthermore, for H
<BF51 T, the resistive onset of pinning due to splay
defect increases sharply and reaches a value ofr/rn;0.85 at
H50.5 T.

Figure 4~b! shows similar results for crystal Y265 befor
~thin lines! and after~thick lines! irradiation. Here, the crys-
tal was irradiated to produce splay in theac plane, giving a
Lorentz force parallel to the splay defect plane for a meas
ing current along theb axis and an applied field along thec
axis. A sharp kink in the tail of the superconducting tran
tion related to the vortex lattice melting transition is al
found in this crystal. However, we observed no ‘‘peak e
fect’’ or minimum in the resistivity tail at large driving cur
rents as was shown in Fig. 3 for Y264. The inset to Fig. 4~b!
shows the vortex lattice melting line for this crystal befo
irradiation, determined from the onset of the ‘‘kink’’ in th
resistivity. The data can be fit withH5H0(12T/Tc0)a,
where H05100 T anda51.3460.01, very similar to the
values obtained for Y264. After irradiation, the first ord
melting transition is completely suppressed and replaced
a smooth ‘‘Ohmic’’ transition similar to that shown in Fig
4~a! for Y264. The onset of pinning atTsp also follows the
same behavior observed in Y264. Here, the onset rise
aboutr/rn;0.7 for H50.5 T. Moreover, the reversal of th
zero resistance point defined here asTim , at nearly twice the
matching field is also similar to that observed in Y264.

Finally, Fig. 4~c! shows the comparison of the resistivi
before and after irradiation for Y259 which was irradiat
along the crystallographicc axis with a fluence of
BF52.0 T, creatingparallel columnar defects. Here, th
zero resistance temperature for the irradiated case is alw
higher than the unirradiated case. Thus no reversal of
pinning behavior is observed in this crystal. On the oth
hand, the resistive onset of pinning in the vortex liquid sta
r/r(Tc0)(Tsp), determined from the deviation of the norma
ized resistivity curves before and after irradiation, also
creases to a higher value for magnetic fieldsH<BF , similar
to Y264 and Y265. The inset shows the vortex lattice me
ing curve for Y259. The data is fitted toHm5101(1
2T/Tc0)1.35, consistent with the values obtained for bo
Y264 and Y265 before irradiation.

We determined the irreversibility lines before and af
irradiation for the three crystals from the zero resistivity te
perature, using a resistive criterion ofr50.01mV cm, the
resolution of our instrumentation. The irreversibility line
shown in Figs. 5~a! and 5~b! for Y264 and Y265 respec
tively, clearly depict the pinning reversal behavior me
tioned above as a crossing of the irreversibility lines
nearly twice the matching field. This suggests that spla
defects increase pinning in the vortex liquid state only
fields less than about 2BF . In contrast, no crossing of th
irreversibility lines is observed for Y259, irradiated with pa
allel columnar defects. The maximum shift in the irreve
ibility lines after irradiation occurs near the matching fiel
BF51 T, for Y264 and Y265, and nearBF52 T for Y259.

The depression of the post-irradiation irreversibility lin
with respect to the first order vortex melting line aboveH
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52BF in the splayed defect crystals~Y264 and Y265!, is
similar to the behavior of the irreversibility line observed
electron irradiated untwinned single crystals.6 There, it was
speculated that the depression is caused by an entangled
tex liquid state induced by driving vortex lines through
random point pinning environment which may give rise
formation of a polymerlike glass state at temperatures be
the first order vortex melting transition. The ‘‘plastic e
ergy,’’ Upl , associated with vortex cutting and recombin
tion in an entangled liquid was measured in that study to
of the order ofUpl /kB;800 K atT583 K andH55 T.

Using a similar analysis, we can extract the temperat
dependent dissipation in the vortex liquid state due
splayed columnar defects using the interpolation formulr
5(1/r f11/rsp)

21 wherer is the post-irradiation resistivity
value,rsp is the resistivity due to splayed defects,r f is the
preirradiation flux flow resistivity. This interpolation formul
is based on the assumption that the vortex system is a

FIG. 5. The irreversibility lines before and after irradiation f
the splayed defect crystals,~a! Y264 and ~b! Y265 and for the
columnar defect crystal~c! Y259 for magnetic fields parallel to th
c axis.
or-
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e
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cous liquid aboveTm and thus its resistivity can be express
as r5r f /(11dv/v) where dv/v is the relative velocity
change related to the viscosity of the vortex liquid.38 For
Y265, at H51 T, we fit the temperature range betwe
0.974,t,0.983 in the vortex liquid regime between the o
set of the splayed defect pinningTsp and the preirradiation
melting temperatureTm @see Fig. 4~b!#. The linear behavior
of the curve shown in Fig. 6 for both Y264 and Y265 ind
cates thatrsp follows an exponential behavior described b
rsp5r0exp@2U(12t)/t#. A linear fit to the data of Y265 for
H51 T yields Upo/kB549821 K. At T591 K, near the ir-
reversibility line for BF51 T, Up(91 K)5Upo(12t)
51280 K. Two distinct regimes of exponential behavior a
observed for magnetic fields above 2BF . We determined the
field dependence of the vortex liquid pinning potential
fitting only the high temperature behavior, since the low te
perature region may be influenced by the appearance o
‘‘shoulder’’ mentioned earlier in the postirradiation resisti
ity curves. Figure 7 shows the field dependence ofUp(T
591 K) for Y264, Y265, and Y259. The curves follow a 1/H
dependence, unlike theUp;««0a0;1/H1/2 behavior pre-
dicted for vortex liquid flow38,39 nor theH20.7 dependence
observed in electron irradiated samples.6 The curve for Y264
lies above the curve for Y265, indicating that the vort
liquid pinning energy for vortex motion perpendicular to th
splay plane is greater than the pinning energy for vor
motion parallel to the splay plane. The curve for Y259 a
follows a 1/H behavior. Although this crystal was irradiate
with columnar defects to a matching field ofBF52 T which
is twice as large as the matching field of the splayed de
samples, the pinning energy in the vortex liquid state aT
591 K is comparable to that of Y264 and Y265. This im
plies that the origin of the vortex liquid pinning mechanis
for straight columnar defects may be similar to that
splayed defects.

FIG. 6. Plot of ln(rsp) vs (12t)/t showing regimes of activated
behavior after irradiation for Y264 and Y265 at several magne
fields parallel to thec axis.
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14 600 PRB 58W. K. KWOK et al.
Finally, Fig. 8 shows a comparison of the heavy ion ir
diated crystal with the electron irradiated crystal of Ref.
Both are normalized toT583 K.

ANISOTROPIC PINNING OF THE VORTEX STATE

We investigated anisotropic pinning in the vortex liqu
and solid state using angular dependent magnetoresist
measurements of the crystals before and after irradiation
the unirradiated vortex solid state, we determined the pinn
accommodation angle of the remnant strain field after
twinning. In the irradiated vortex liquid state, we determin
the onset of anisotropic pinning and the pinning accomm
dation angle of the splayed and columnar defects. We fo
that the resistive pinning onset, described by the value
r/r(Tc0) at the onset of pinning, increases sharply below
dose matching field.

We argued earlier that the ‘‘peak effect’’ indicated by
minimum in the resistivity in the tail of the superconductin
resistive transition for crystal Y264 forHic before irradia-
tion @Fig. 3~a!#, was enhanced by pinning arising from rem
nant twin boundary strain fields. In order to check for a
vestige of correlated pinning sites before irradiation wh

FIG. 7. Comparison of the field dependence of the vortex liq
pinning energy atT591.0 K for vortex motion perpendicula
~Y264! and parallel~Y265! to the splay plane. Also shown is th
vortex liquid pinning energy for the straight columnar defe
sample~Y259!.

FIG. 8. Comparison of the field dependence of the vortex liq
pinning energy for columnar and point defects.
-
.

nce
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g
-
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d
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e
may lead to anisotropic pinning, we measured the resisti
as a function of angle of the magnetic field from thec axis.
The rotation plane was chosen to be perpendicular with
current direction in order to preserve a constant magnitud
the Lorentz force. Figure 9 shows the angular dependenc
the resistivity forH51 T at several temperatures above a
below the vortex lattice melting temperature for crystal Y2
before irradiation. A sharp minimum atu50° is observed in
the vortex solid state belowTm at t5T/Tc050.954. The an-
isotropic pinning accommodation angle of about 5° is co
sistent with the results of Fig. 3~b!, where a tilt of the mag-
netic field of 5° from thec axis suppresses a large portion
the peak effect~i.e., minimum in the resistivity!.

Figure 9~b! shows similar results for crystal Y265. Th
curves were obtained with a measuring current of 8.3 A/c2.
Again, although no twin planes were detected with polariz
light microscopy, we observe a shallow minimum in the r
sistivity atu50° (Hic). The first appearance of the minim
occurs close tot50.966 and becomes more pronounced w
decreasing temperature. The twin boundary pinning acc
modation angle is also about 5°, comparable to that of v
dilutely twinned crystals34 and much less than that of dense
twinned crystals where the accommodation angle at this fi
can be as large as 25°.21 Furthermore, the onset of twin
boundary pinning in this crystal is found only in the no

d

t

d

FIG. 9. ~a! Angular dependence of the resistivity at various te
peratures in a magnetic field of 1.0 T for crystals Y264 and Y2
before irradiation. The arrows in~b! indicate the resistivity att
50.963 with measuring currents 0.83 A/cm2 ~closed circles! and
8.3 A/cm2 ~open circles!.
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Ohmic vortex solid state belowTm . This is clearly seen in
Fig. 9~b! in the current dependence of the pinning accomm
dation angle forH51 T at T590.11 K measured withJ
50.83 A/cm2 ~closed circles! and 8.3 A/cm2 ~open circles!.
The curve forJ50.83 A/cm2 shows a smaller dissipatio
due to the reduced Lorentz force. On the other hand,
accommodation angle at this temperature of about 5° se
to be independent of the driving current. In contrast,
densely and dilutely twinned crystals where the twin bou
aries were visible under a polarized microscope, the onse
twin boundary pinning is usually marked by a broad shoul
in r(T) for Hic at higher temperatures in the ohmic vort
liquid state and a pronounced dip inr~u! below the shoulder.
No twin boundary pinning in theliquid state was observed i
Y264, Y265, or Y259. We surmise that the anisotropic p
ning is due to weak remnant strain fields along the tw
boundary direction remaining after the detwinning proces25

The fact that twin boundary pinning is absent in the vor
liquid state and only observed in the vortex solid state wh
a finite shear modulus is present suggests the very weak
ture of remnant twin boundary pinning in these untwinn
crystals.

A large anisotropic pinning in the vortex liquid state w
observed after irradiation. The onset of anisotropic vor
liquid pinning by the splayed defects after irradiation is co
firmed by the angular dependent pinning shown in Fig.
for Y264 for H50.5 T. Figure 10~a! shows H rot'splay
plane. In this geometry, the applied magnetic field is rota

FIG. 10. Angular dependence of the resistivity for Y264 af
irradiation at H50.5 T and at several reduced temperaturet
5T/Tco for ~a! tilt angles perpendicular to the splay plane, ma
taining a constant Lorentz force magnitude on the vortices and
~b! tilt angles parallel to the splay plane. The arrows depict
pinning accommodation angleuaco.
-
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in a plane perpendicular to the splay plane, maintainin
maximum Lorentz force at all angles. Data are taken
several reduced temperatures. Att50.991, a slight indication
of pinning is observed as a minimum develops atu50°
(Hic). A pinning accommodation angleuacc for splayed de-
fects can be identified as half the angle between the
maxima on either side ofu50°. With decreasing tempera
ture, the width of the minimum increases up touacc5
635°.

Figure 10~b! showsH rotisplay plane. In this geometry, th
Lorentz force continuously decreases as the applied magn
field is tilted within the plane of the splayed defects from t
c axis towards the direction of the measuring current alo
the b axis. Due to the reduced Lorentz force, a reduction
the dissipation is observed compared to the maximum L
entz force geometry. The minimum also appears to be s
lower. We also observe a small reduction in the pinning
commodation angle fromuacc535° to 30° as indicated by
the arrows in the figure. From this type of measurement,
can deduce the onset temperature of anisotropic vortex
ning in the liquid state. ForH50.5 T, the onset lies slightly
above t50.991, very close toTc0 and atr/rn;0.92. For
both rotations, we observe only one minima atu50° (Hic),
although the columnar tracks are splayed at610° from thec
axis.

Figure 11 shows the angular dependence of the resist
for H5BF and 2BF for Y264. Compared toH5BF/2 of

r

or
e FIG. 11. Angular dependence of the resistivity for~a! H5BF

and ~b! H52BF for tilt angles perpendicular to the splay plan
~max. Lorentz force! for Y264.
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14 602 PRB 58W. K. KWOK et al.
Fig. 10~a! the minimum becomes shallower with increasi
magnetic field. Furthermore, the pinning accommodat
angle,uacc, also decreases with increasing field~i.e., max.
uacc;25° for H52BF). This can be explained by th
change in vortex density with respect to the total defect d
sity with increasing magnetic field. Above the matchi
field, the vortices outnumber the irradiation induced pin si
and hence the effect of anisotropic pinning due to
splayed defects decreases. This is consistent with the
crease in the onset temperature of anisotropic pinning
the decrease in the depth of the minima atu50° in the
vortex liquid state with increasing magnetic field. For e
ample, forH51 T, the minimum atu50° develops neart
50.980, wherer/rn;0.75, and reduces tot50.952 where
r/rn;0.22 for H52 T. At H54 T, the onset of pinning
drops tot50.913 wherer/rn;0.14.

Figure 12~a! shows comparable data for Y26
(FLisplay plane) atH50.5 T. Here,H rotisplay plane corre-
sponds to the maximum Lorentz force configuration. T
onset of splayed columnar defect pinning is clearly obser
by the onset of the minimum atu50° (Hic) between
0.992,t,0.991. This temperature corresponds to the te
peratureTsp of the onset of splayed defect pinning observ
in Fig. 4. The lower panel shows that the accommodat
angles for field rotations perpendicular to the splay plane

FIG. 12. Angular dependence of the resistivity atH50.5 T for
Y265 after irradiation. The top panel~a! is for tilt angles perpen-
dicular to the splay plane, maintaining a constant Lorentz force
the vortices. The bottom panel~b! is for tilt angles parallel to the
splay plane.
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slightly smaller than the accommodation angles for field
tations parallel to the splay plane for the same tempera
values, consistent with the difference in Lorentz force for t
two orientations. For example, att50.984, uacc;28° for
H rotisplay plane compared withuacc;24° for H rot'splay
plane. Figure 13 shows similar data forH5BF and 2BF .
Similar to Y264, the pinning accommodation angleuacc de-
creases with increasing field and the minimum atu50° be-
comes shallower. These accommodation angles after irra
tion for Y264 and Y265 are much larger than the remn
twin boundary pinning angle ofuTB55° observed before
irradiation and the onset temperatures foruacc are in the
ohmic vortex liquid regime, whereas the remnant tw
boundary pinning before irradiation occurred only below t
melting temperature in the vortex solid regime.

Figure 14 shows the angular dependence of the resist
for Y259 ~columnar defect sample! after irradiation to a
matching field ofBF52 T. Here, the angle of rotation i
always perpendicular to the measuring current, resulting
the maximum Lorentz force configuration for all angles. T
pinning accommodation angle for straight columnar defe
for H51 T is shown in Fig. 14~b!. The pinning accommoda
tion angle is aboutuacc;35° at T591.61 K. This value is
much smaller than the pinning accommodation angle
;70°, obtained in another untwinned YBa2Cu3O72d crystal
irradiated with uranium ions to the same matching field27

n
FIG. 13. Angular dependence of the resistivity for~a! H5BF

and ~b! H52BF for tilt angles perpendicular to the splay plan
~max. Lorentz force! for Y265 after irradiation.
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FIG. 14. ~a! Temperature dependence of the resistivity after irradiation for Y259 atH50.5 Tic. The arrow depicts the onset o
anisotropic pinning due to columnar defects obtained from~b! the angular dependence of the resistivity atH50.5 T. ~c! Temperature
dependence of the resistivity atH54 Tic. The arrow depicts the onset of anisotropic pinning due to columnar defects obtained from~d! the
angular dependence of the resistivity atH54 T. Inset: magnetic field dependence of the resistive onset of anisotropic pinning.
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suggesting that ion size may be used to control the pinn
strength of columnar defects. The onset of anisotropic p
ning occurs nearT592.74 K forH51 T, where a very weak
depression in the resistivity is observed atu50°. This tem-
perature corresponds to ar/r(Tc0) value of nearly 80% as
shown in Fig. 14~a!. At higher magnetic fields, the pinnin
accommodation angle decreases and the onset of anisot
pinning reduces tor/r(Tc0);20% for H54 T @see Figs.
14~c! and 14~d!#. The inset to Fig. 14~c! shows magnetic
field dependence of the resistive onset point for anisotro
pinning due to columnar defects. We observe a sharp ris
the pinning onset point below the matching field. Our resu
indicate that pinning becomes dramatically less effective
magnetic fields greater than the matching field where vo
ces outnumber the columnar defects.

ANISOTROPIC CRITICAL CURRENTS

We investigated the critical current of the vortex so
state before and after irradiation fromE-J curves obtained
from dc transport measurements. We observed a crossin
the measured pre- and postirradiation temperature depen
critical current values, consistent with the irreversibility lin
behavior reported above. We find the barriers for vortex m
tion to be larger for motion perpendicular to the splay plan
g
-

pic

ic
of
s
r
i-

in
ent

-
s

than for motion parallel to the splay planes. No crossing
the pre- and postirradiation temperature dependent crit
current values were observed for the crystal irradiated w
parallel columnar defects.

The voltage-current curves of crystal Y265 at several te
peratures before irradiation forH51.0 Tic are shown in Fig.
15. The transition from vortex-liquid Ohmic behavior to
vortex solid non-Ohmic behavior at lower temperatures

FIG. 15. E vs J curves at various temperatures for Y265 atH
51 Tic before irradiation.
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curs through an ‘‘S’’ shaped transition region. AtT
590.42 K, the logE vs logJ curve display Ohmic behavio
as shown by a power law curve fitI a with a51. Below this
temperature, the curves deviate from linearity and evo
into an S-shape associated with the vortex lattice melti
transition.40 At lower temperatures, theE-J curves depict a
strong downward curvature. Using aE51 mV/cm criterion,
we determined the critical current as a function of tempe
ture for several magnetic fields as shown in Fig. 16 for Y2
Y265, and Y259 before irradiation. For eachJc(T) curve,
there is a sharp increase in the critical current at the free

FIG. 16. Temperature dependence of the critical current be
irradiation for Y264, Y265, and Y259 at various magnetic fiel
applied parallel to thec axis.
e

-
,

g

temperature followed by a smooth exponential increase
the critical current with decreasing temperature. The beh
ior of the critical current just below the melting temperatu
for Y264 and Y265 follows a power-law behavior withJc
5J0Ts where s;2863 for all fields measured, in good
agreement with magnetic measurements by Senoussiet al.,41

where they observed an exponential behavior at low te
peratures and a power law behavior nearTc .

The temperature dependence of the critical curr
for crystal Y264 shows a peak effect forH51, 2, and 7 T,
which corresponds in temperature to the resistive minim
observed in Fig. 3. The critical current values of crys
Y264 are, on average, about 60% larger than those of cry
Y265. This indicates that although Y264 demonstra
a smaller normal state resistivity than Y265, the remn
twin boundary pinning in Y264 is stronger than in Y26
This is consistent with the observation of a peak eff
in Y264.

The critical currents for both crystals increased dram
cally after irradiation which induced splayed defects in bo
Y264 and Y265. Figure 17 shows the temperature dep
dence of the critical current compared to that of the preir
diation behavior at magnetic fields above and below
matching field ofBF51 T for Y265. For all fields, the criti-
cal current rises sharply at the irreversibility temperature a
continues to increase rapidly unlike the slow rise inJc ob-
served belowTm in the preirradiation behavior in Fig. 16
This indicates that the critical current is significantly e
hanced after irradiation with splayed columnar defects. Ho
ever, close observation shows that although at low fields,
irradiated sample shows a critical current much higher
magnitude than the preirradiated case for a fixed tempera
and field, at high fields there is a crossover and the onse
the critical current occurs at a temperature well below
melting temperature of the preirradiated case. This is con
tent with the zero resistance temperature of the irradia
crystal compared to its pre-irradiated value as shown in F
4~b! and the crossing of the irreversibility lines near 2BF

shown in Fig. 5~b!.
The temperature dependence of the critical current

Y264 and Y259 before and after irradiation is shown in F
18. For crystal Y264, comparison of the critical current b
fore and after irradiation atH51 T and 4 T shows that its
behavior is similar to that of crystal Y265 described abo
On the other hand, the critical current and its onset temp
ture after irradiation for crystal Y259 are always higher th
their values before irradiation for all fields measured
shown in Fig. 18~b!.

DISCUSSION AND ANALYSIS

We have measured the vortex pinning characteristics
two untwinned YBa2Cu3O72d single crystals before and afte
they were subjected to heavy ion irradiation in a splay
geometry and one untwinned crystal subjected to irradia
inducing parallel columnar defects. One of the salient f
tures which we observe is the crossing of the irreversibi
lines before and after irradiation. The crossing suggests
splayed columnar defects are effective in pinning the vor
liquid only at high temperatures and below about twice

re
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FIG. 17. Temperature dependence of the critical current before~open squares! and after~closed triangles! irradiation for crystal Y265 at
H51, 2, 4, and 6 Tic.
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FIG. 18. Temperature dependence of the critical current be
~open symbols! and after~closed symbols! irradiation for~a! crystal
Y264 with splayed defects and~b! crystal Y259 with columnar
defects for various magnetic fields parallel to thec axis.
matching field. At higher fields when the density of vortic
exceeds the density of columnar defects, splayed def
seem to lose their ability to pin the liquid effectively. How
ever, the critical currents observed in the vortex solid st
just below the irreversibility line after irradiation show larg
enhancements over the preirradiation values. This can be
plained if the splayed defects induce large topologi
entanglement42 in the vortex liquid state. In the entangle
state after irradiation, the vortices are unable to disentan
and to form an Abrikosov lattice at the freezing temperatu
and thus we no longer observe the sharp ‘‘kink’’ in the r
sistivity associated with the first order vortex freezing tra
sition ~see Fig. 4!. At lower temperatures, below th
preirradiation–first order melting temperature, the vortic
eventually freeze into an entangled solid. The topologica
entangled solid has a larger shear viscosity than the s
modulus of a vortex lattice and hence the critical curren
enhanced.

The crossing of the pre- and postirradiation irreversibil
lines seems to be associated with the splayed geom
which promotes vortex entanglement. This crossing is
observed in crystal Y259 with straight columnar defects
duced by irradiation with 3.9 GeV197Au291 to a matching
field of BF52 Tic. However, the close 1/H behavior ob-
served in the straight columnar defect sample suggests
vortex entanglement may also play a role in the pinning
the vortex liquid state as shown below.

The 1/H behavior found in the field dependence above
matching field of the vortex liquid state pinning energy f
all the irradiated crystals can be explained by assuming

re
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entangled vortex state. We use the concept of a pinned ‘‘v
tex lace,’’ 22 a densely entangled vortex configuration whi
is firmly fastened by a moderate number of strong paralle
splayed columnar defects. Because of the dense enta
ment, the pinning energy of the trapped vortices is distr
uted nearly evenly among all the vortices enclosed by
‘‘elementary cell’’ of the defect structure. This elementa
cell includes vortices within an area,d2, whered is the de-
fect spacing. Therefore, the average cost to remove a re
sentative vortex from the splayed defect potential well can
estimated as

Ep5U0l ~a0
2/d2!ln~d/r 0!, ~1!

whereU0 is the pinning energy of the splayed defect per u
length, r 0 is the radius of the columnar defect,a0
5(F0 /B)1/2 is the vortex spacing withF0 , the flux quan-
tum, andl is the length of the liberated vortex segment.
free this segment, the vortex must bend, and the corresp
ing vortex bending energy

Eb5«1a0
2/ l , ~2!

where«15«(F0/4pl)2 ln(l/j) is the vortex line tension en
ergy, a05(F0 /B)1/2 is the vortex spacing,l and j are the
superconducting penetration and coherence length res
tively, and « is the anisotropy parameter. The total ener
cost for depinning the vortex lace is thereforeE5Ep1Eb ,
optimized with respect to the length of the fluctuating se
ment l. This yields

l opt5d@«1 /U0ln~d/r 0!#1/2 ~3!

and substituting intoE gives

E52~a0
2/d!@U0«1ln~d/r 0!#1/2. ~4!

Using the relation«15«2«0 and the estimateU0;«0 , we
obtain

E52««0~a0
2/d!@ ln~d/r 0!#1/2, ~5!

where«;1/7 for YBa2Cu3O72d and«05(F0/4pl)2. Using
characteristic valuesB5BF51 T, a05450 Å, d;450 Å,
r 0;30 Å,43 and l051400 Å, we obtainE(T50 K)5E0
;21333 K from Eq. ~5! above. ForT591 K, Ep5E0(1
2T/Tc0)5546 K. This is in fair agreement with our mea
sured value ofUp(91 K)51280 K shown in Fig. 7 and cor
rectly predicts the observed 1/H dependence.

Note that this simple vortex lace model does not take i
account the geometry of the columnar defects and t
should also be applicable to the case of straight colum
defects forH.BF , and indeed, crystal Y259 also exhibi
1/H behavior as was demonstrated in Figs. 7 and 8. Perh
parallel columnar defects could also promote topologi
vortex entanglement when vortices are driven by a Lore
force which induces a relative change in velocitydv/v be-
tween the pinned and interstitial vortices. Of course, we c
not conclusively prove the existence of vortex entanglem
However, our experimental results are consistent with a
pological vortex entanglement picture.

We can also analyze the anisotropic pinning energy
the vortex liquid state of the irradiated crystals from th
pinning accommodation angles,uacc. Figure 19 shows the
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temperature dependence of the depinning angles for b
crystals Y264 and Y265. We estimate the strength
the pinning energy per unit lengthUp8 from uacc, following
the trapped vortex geometry introduced by Sonin44 for the
case of twin boundary pinning and which we recently e
tended to the case of columnar defect pinning.27 At high
temperatures, the pinning accommodation angle determ
by thermal fluctuations andUp8 can be estimated from equa
tion

Up8;«0F2kBT tan uacc

«0a0
G2/3

. ~6!

Using this analysis, we determined the pinning ene
per unit length att5T/Tc050.975 for Y264 forH50.5 T
(uacc536°) and 1 T (uacc519.1°). We find Up855.97
3107 K/cm and 4.593107 K/cm, respectively. These value
lie between the pinning energies obtained for uranium
induced parallel columnar defects and densely twinn
crystals.27 From the values ofUp andUp8 , we can determine
the pinned vortex length. ForT591.1 K, Up(H50.5 T)
;3400 K andUp855.973107 K/cm, therefore the trapped
length l p;Up /Up8;5700 Å, comparable to several hundre
unit cells.

Figure 20 shows a direct comparison of the temperat
dependence of the critical current for Y264 and Y265.
clearly shows that the critical current is larger and increa
at a more rapid rate for Lorentz force induced moti
perpendicular to the splay plane~Y264! than for motion par-
allel to the splay plane~Y265!. The slope ofJc vs T for
Y264 is approximately 3 times larger than the slope
Y265. This suggests that a plane of intersecting colum
defects poses a large pinning barrier for motion perpend
lar to the plane. Motion parallel to the splay plane can oc
through transfer of a vortex from one columnar defe
to another at their intersection point. This result is comp
ible with the observation of anisotropic twin boundary pi
ning in densely twinned YBa2Cu3O72d crystals.21 It is also
consistent with the lower vortex liquid pinning energy o

FIG. 19. Temperature dependence of the pinning accommo
tion angle for crystal Y264 and Y265. The lines are a guide to
eye.
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served for motion parallel to the splay plane~Y265! com-
pared to motion perpendicular to the splay plane~Y264!
shown in Fig. 7.

Finally, the onset of pinning due to splayed defects in
vortex liquid state was initially obtained from the divergen
of the two normalized resistivity curves taken before a
after irradiation at a constant magnetic field forHic ~see Fig.
4!. The onset temperature ofanisotropicpinning in the liquid
state was obtained directly from the angular dependenc
the resistivity which showed the onset of a minimum
u50° (Hic) ~see Figs. 10–14!. For magnetic fields below
the matching field, the onset of pinning obtained from t
two methods above coincide very well. However, for fiel
above the matching field, the onset of anisotropic pinn
lies below that of isotropic pinning, underlining the behav
of excess vortices over the number of columnar defects.
fact that the deviation occurs just above the matching fiel
consistent with our observation that the maximum shift in
irreversibility line after irradiation also occurs at this fie
value. The complete phase diagram with the onset ofisotro-
pic and anisotropicpinning is shown in Fig. 21 for crysta
Y265.

SUMMARY

In conclusion, we have investigated the vortex pinni
behavior in splayed and straight columnar defects in cl
untwinned crystals of YBa2Cu3O72d where the competing
effects of twin boundary pinning are absent. We obse
several features which are linked to the matching field.
observe~i! a crossing of the irreversibility lines of the pre
and postirradiated samples at twice the matching field,~ii !
the largest temperature shift in the postirradiated sample
the matching field,~iii ! a jump in the resistive pinning valu
r/rn just below the matching field, and~iv! the onset of
isotropic and anisotropic pinning to coincide below t
matching field. Using an interpolation formula, we dete
mined the field dependence of the vortex liquid pinning e
ergy and introduced a ‘‘vortex lace’’ pinning model whic
accounts for the observed 1/H dependence. Comparison wit
a parallel columnar defected untwinned crystal shows
the 1/H dependence is also present in this case, however
crossing of the irreversibility lines is not observed. Furth

FIG. 20. Comparison of the temperature dependence of the c
cal current after irradiation for crystal Y264 (FLorentz'splay plane)
and Y265 (FLorentzisplay plane) forH51, 2, and 4 Tic.
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more, the vortex liquid pinning energy for the straig
columnar defect sample is similar to that of the splay
defect samples, even though the matching field is tw
as large. This suggests that vortex liquid pinning in t
splayed and columnar defect samples may have a sim
origin. In addition, the fact that the splayed defect sam
~Y264! with FL' splay plane and with a lower matchin
field has a slightly higher vortex liquid pinning energy tha
the straight columnar defect sample also indicates
splayed defects are more effective in promoting entang
ment. Despite the depression of the irreversibility lines abo
2BF for the splayed defect crystals, values of the critic
current and its temperature dependence are dramatic
enhanced in the vortex solid state. We speculate that to
logical entanglement induced by the splayed defects is
sponsible for the increased critical current. The splayed
fects pin the vortices more strongly against moti
perpendicular to the splay plane than for parallel motion.
fields aboveBF , isotropic pinning of the vortex liquid be
gins to manifest itself at temperatures above the onse
anisotropic pinning due to splayed defects. Finally, we e
mated the trapped vortex pinning length due to splayed
fects from the vortex liquid pinning energy and the pinni
accommodation angle.
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FIG. 21. Phase diagram for the splayed columnar defected c
tal Y265 atHic, showing the irreversibility lines before and afte
irradiation and the onset of anisotropic and isotropic pinning.
typical upper critical fieldHc2 line for YBa2Cu3O72d is also shown
for comparison.
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