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The main source of vortex pinning near the solid-liquid transition at different orientations of a low dc field

in YBa,CusO; crystals with columnar defects is investigated by means of ac susceptibility measurements. The
behavior is compared with that observed in nonirradiated samples. It is found that in a very wide angular region
the tracks act as correlated defects and are the prevailing source of pinning. The results rule out the existence
of an accommodation angle, determined by the competition between the pinning and elastic energies, in twined
crystals: the interplay with natural correlated pinning centers has to be taken into account. The linear and
nonlinear dynamic regimes when the field is tilted relative to the defects are analyzed. It is clearly shown that
characterization of the dynamic regimes is crucial for the correct interpretation of the angular dependence in
the ac response.
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[. INTRODUCTION of B up toHy~B /2. For large enough ac fields, a critical-
state regime with activation energies strongly dependeiit on
Up to now, a great effort has been devoted to understandndJ is established. In between both regimes, there is a large
the interplay between the phase diagram of the vortex systemegion(more than one order of magnitudehip) where there
in high-temperature superconduct@$TSC's), its dynami- is a nonlinear response determined from both intra- and in-
cal regimes, and the underlying quenched disofdat. tervalley motion of the vortex system.
present, it is well known that defect topology affects drasti- On the other hand, when defects are not aligned tith
cally both the dynamic and static behavior. In this frame-several questions are still open. In the initial works of Nelson
work, the phase diagram of the vortex system as well as itand Vinokur? for a system containing a single set of parallel
dynamics has been intensely studied in HTSC'’s with colum<correlated defectsthe authors predicted the following sce-
nar defects(CD’s) when the magnetic fieltH . is aligned nario: when the angle between the applied field and CD’s is
with the tracks’™°In this case, several facts have been essmall enough, vortices are expected to remain locked into the
tablished: There is a second-order phase transition at a terdefects. For tilts larger than the lock-in angle, vortices
peratureTgg higher than the preirradiation melting tempera- are expected to form staircase structures with segments
ture. Below this line, vortex matter freezes into a Bose-glaspinned into different defects and connected by unpinned or
phase:*~®For low enough temperatures and fields, each vorweakly pinned segments. For tilt angles beyond an accom-
tex is pinned by a single track. This individual pinning re- modation anglep, , the simplest scenario states that vortices
gime holds below a lind8,,(T). Above this boundary the will be straight and take the direction determined by the
intervortex interactions become significant and pinning turnapplied field, thus being unaffected by the correlated nature
collective. At low temperaturesB,,(T) approaches the of the pinning. The same qualitative description applies for
matching fieldB,, (the field at which vortex and defects den- the case of planar correlated disorder., twin boundarigs
sities are the sameAbove the “depinning temperature” Theory also predicts that the accommodation angle decreases
Tgp, the lineB,, drops abruptly,® so that for high tempera- with increasing temperature, as the ratio between the pinning
tures, the individual pinning regime is limited to a region of and elastic energies, and goes to zero whenTgg.
very low fields. More recently, however, several experiments have shown
In previous papers we have investigated the dynamical athat the actual situation in twined YB@u;O; crystals with
response of the vortex system at highin a low density of  columnar defects is more complex. This is a consequence of
correlated defect$'® We have established that the responsethe interplay of the CD’s with the natural sources of corre-
can be described, up to temperatures very clos€gtg, in lated pinning: namely, twin boundarie€TB’'s) and ab
terms of an equation of motion for the vortex system and weplanes. The response, in this case, is not simply described by
have built a quantitative dynamical diagram in the planetaking into account an accommodation angle for each direc-
(h,,T). For low amplitudesh, of the ac field, a linear re- tion of correlated defects. Measurements of the angular de-
sponse with scarce dissipation, characteristic of the Campendence of the irreversible magnetization established that
bell regime(in which the average vortex positions oscillate the combined effect of the three sources of correlated pin-
inside the pinning centexsholds. The curvature of the pin- ning must be taken into account to describe the vortex struc-
ning potential wells(Labusch constaptresults independent ture in samples with inclined CD¥%.This description is sup-
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ported by transport dc measurements carried out in
nonirradiated twined YB#Zu;O, crystals that suggest that
correlated disorder plays an important role for all the field
orientations> On the other hand, sophisticate transport
experiments***and recent measurements of the angular de-
pendence of the ac susceptibility in similar samplé8show

a very complex scenario where the effect of the different
sources of correlated pinning is still a matter of debate.

In order to clarify this scenario, in this work we study the
angular dependence of the ac response of the vortex system
at high temperature and low dc fields in crystals with a small
density of CD’s tilted relative to the axis. In the first part
we compare the results with those obtained for nonirradiated
samples, with the scope to analyze which is the main source -0.2+ h =02 Oe 0
of pinning and whether the character of this pinning is cor- 1H =3600e --%-9r°
related or random. In the second part we study exhaustively
the dynamical response at different angles between the field =6
H4c and the tracks to evaluate the changes introduced in the
dynamic diagram when the field is tilted with respect to the
defects.

-1.0 . Rl A . (b)
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In this work we present ac susceptibility measurements T (K)
performed on two twinned YB&u;O; single crystals grown FIG. 1. (a) Temperature dependence of the out-of-phase compo-
using a flux growth techniqu€.One of them(approximate nenty’ of the ac susceptibility with the dc field oriented at various
dimensions 0.8 mm 0.5 mmx10um) was irradiated at anglesd relative to thec axis in a nonirradiated sample. Inset-
room temperature with 291-MeV AU ions at the TAN- : curves of the in-phase componeyit as a function ofT in the
DAR accelerator facility, with a dose-equivalent matchinglinear regime; a structure is present at intermediate andieSame
field B4~ 700 Oe at an anglép=30° from thec axis. The in a sample irradiated with a matching fiell,=700 Oe até
other one (approximate dimensions 0.5m®.5mm  —30°
X 15 um) was used as a reference. In order to facilitate the
comparison we selected both crystals from the same batchised: the angl® between the axis andH 4. and the angle
they have identical critical temperatufe=91.8 K (defined ¢ = 60— 6p betweenH . and the tracks.
as the onset of the ac transition ld.=0 in the linear ac
regime and zero-field transition widtAT.=0.6 K (defined
as the range with nonzero dissipation in the same condlition
In addition, the low irradiation dose used does not produce In this section we will analyze the overall angular depen-
any measurable effect either in the critical temperature or idence of the susceptibility of the virgin and irradiated crys-
the transition width. tals. By comparing and contrasting the behavior of both

The complex ac susceptibility= x' +ix”, was measured samples, we will be able to identify several angular ranges
in an ac fieldh,e'“ parallel to thec axis which is very where pinning is dominated by different mechanisms.
homogeneous in the volume occupied by the sample. The Figures 1a) and 1b) show some of the experimentgl
amplitudeh, is varied from 5 mOe to 8 Oe and the fre- curves recorded as a function of temperature at different
guencyf = w/27 from 300 Hz to 100 kHz. A uniform static anglesé in both the virgin and irradiated crystals. All these
field Hy. up to 1300 Oe is added. The ac coil setup and theeurves were measured with,=0.2 Oe andH 4= 360 Oe.
sample(which are rigidly glued togethgcan be rotated with The zero-field transitions are also included as a reference
a precision of~1°, allowing us to vary the anglé between (dotted curves Comparison of both figures shows that when
the ¢ axis andH4.. Measurements are performed in all the the direction ofHg is close to theab planes[curves for @
cases by slowly warming up the sample. Generally, severar92° in Fig. Xa) and =91° in Fig. 1b), shown with solid
curves at various amplitudds or at different angle® were  square$ the response of both samples is very similar. In
recorded during each temperature sweep. The scan in angtentrast, at all other field orientations the irradiation pro-
was always performed in the same direction to avoid backeuces a clearly visible upward shift of thé(T) curves, due
lash problems. All the curves of and y” at each frequency to the additional pinning introduced by the CD's. Close to
are normalized by the same factor, corresponding to a totdhe defect$fd=28°, shown with solid up triangles in the Fig.
stepA x’ =1, with Hy.= 0. Other experimental details can be 1(b)] pinning is drastically increased.
consulted in Ref. 10. Before introducing our results, we point In the virgin sample, curves at intermediate andkes.,
out that throughout this paper two different angles aref=24.5°, shown with solid up triangles in Fig(al] present

Il. EXPERIMENTAL PROCEDURES

IIl. ANGULAR DEPENDENCE OF THE ac RESPONSE
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a complicated structure. This characteristic structure extendss they modify the original symmetry. This is true even when
to higher# ash, decreases, occurring up to around 75° in theH 4. is almost perpendicular to the tracks, betweerb® and
linear regime, as can be seen in the inset of Fig).1A —60°. Note also that, even in that angular region, the pinning
similar behavior has been reported in other wotlend its  due to the CD’s is much more efficient than that present in
origin is not clear. Careful experiments have shown that, irthe nonirradiated sample, as indicated by the much larger
this angular region, thermomagnetic history must be takescreening(smallery’). In the quadrant of positivé angles
into account. The sharp onset is generally associated with @he right side of the figurgswhere the track direction is
first-order transition, while the cause of the previous de-contained, the vortex pinning in the irradiated sample
crease indy'/dT is unclear. Some works claim that it is due abruptly decreases around thg,, angle. Instead, in the left

to a softening of the vortex lattiopeak effect,*® while Ref.  side the screening falls down &t- —60°, but the behavior
16 states that it may be a consequence of the vanishing irf the nonirradiated sample is not recovered until 15° beyond
fluence of twin boundaries with a consequent reordering ofhis angle, aty~ — 0. In Sec. IV B we will show that the
the vortex lattice. In any case, it can be seen that in theangle in which the screening falls dowfor this case about

irradiated sample the structure disappears completely. —60°) is h, dependent and is a consequence of a change in
Data such as those shown in Fig. 1 can be used to build uhe dynamic regime.
curves ofy’+1 as a function o in both samples at fixed Figure 2 also shows that the response is not symmetric

temperature. Figure 2 shows such curves at three differentith respect tod, . This fact can be easily explained since
temperatures. Several features are apparent here. First, in tte anisotropic character of the material and the presence of
irradiated sample the original symmetry is brokep' (6) natural correlated defect§B’s and ab planes should have
# x'(— 0)] by the presence of the tilted defects. This sym-an important role in the vortices accommodation. The ob-
metry breaking occurs over a very large angular range; theerved correlated nature of the pinning implies that a fraction
symmetry is only recovered fofd|= 6g,~75°, signaled of the vortex lines remains accommodated in the CD’s. How-
with arrows in the figure. Second, in the asymmetric rangesver, the average segment length of the vortices pinned at
| 6| < 64, the ac field screening is, at any temperature, largedefects is determinéd!® by the competition between the
than the one corresponding to the virgin sample. Third, bepinning and elastic energies, both depending onéfaagle
yond| 6, the behavior of both samples is very similar. This relative to thec axis.
last result suggests that the pinning properties in the vicinity The main point to emphasize from these measurements is
of the ab planes are not significantly altered by the introduc-that the angular region in which CD’s act as correlated pin-
tion of CD’s. However, the ac response in that angle region ising centers is very large. It can also be noticed that, in the
a strong function o, and a better angular resolution would range of temperature of Fig. 24,,~75° is nearly constant.
be required to perform an accurate comparison. This behavior is not consistent with the existence of an ac-
The first obvious conclusion that arises from Fig. 2 is thatcommodation angle, beyond which the correlated nature
pinning in the irradiated crystal is dominated by CD’s overof the pinning should disappear, because at these high tem-
most field orientations. It is apparent that the CD’s have geratures, a such angle is expected to be very narrow and to
directional effecti.e., they act as correlated pinning centers decrease fast witf. We have previously showhfrom dc
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magnetization measurements that, in a crystal with a higher 0.10
density of CD’s introduced at the same crystallographic ori-

entation as in the present case, at temperatures about 60 K~ 0081 H,=3600e | . _45

the symmetry relative to the axis is recovered fotgy, Boe=70" N\ 7 =03
~65°. We also showed there théy;,, slightly increases by 0064 o 6=35 g
increasing temperature, in opposition to the expected behav- y”
ior for ¢A(T). Our ac susceptibility results presented here
are in compliance with this scenario and confirm the absence
of an accommodation angle in twined YR2u,O; crystals.

We now return to the situation for field directions close to
the ab planes (#|>75°). The very similar behavior of both
samples in this angular region suggests that the main pinning
source is the same. A related feature is that, in the nonirra-
diated sample, the qualitative change in the linear response is
observed very neaf~ 75° [inset of Fig. 1a)]. Beyond this

Linear regime

FIG. 3. Examples of experimental curvg8(x’'+1) in the ir-

| is ob d field. The ab radiated sample at twé angles plotted in semilogarithmic scale.
angle, no structure is observed at any ac field. The aboVE,eq are theoretical calculations for a disk in the linear regime

observations could be explained by assuming thatindi-  cqrresponding to different values of=\, /\g. In all cases, below
cates the angle beyond which, for both the irradiated ang certain temperature there is a smalindicative of a Campbell
virgin samples, thab planes become the prevailing pinning regime.

centers.

presence of a Campbell regime, in which elastic pinning
IV. DYNAMIC REGIMES forces dominate. The pinning force can be expressed as

In this section we present a detailed analysis of the a&p(r)=—aLu(r), wherea, is the average curvature of the
response in the iradiated sample at various orientations ¢¥#inning potentials, or Labusch constant, ar(d) is the av-
the dc field. The angles selected for this study are represeigrage displacement of the vortices at thposition. In the
tative of the various angular regions observed in the previousther limit =1, dissipative terms dominate and the system
section: Hg. aligned with the defectsd~30°,0~0), Hyc is Ohmic with a real resistivity. When both pinning and dis-
at a very small angle relative to defect8~34°,0~4°),  sipative forces contribute significantly to the response,
H 4. along the direction symmetric to the tracks relative to thetakes intermediate values.
c axis (#~—30°,o~—60°), andHy; in the angular region The fact that, for a given geometry, the functigf(x’) in
where the screening falls downé#{ —70°,¢~—100° the linear regime depends only ertan be used to determine
=80°). For comparison, we also include the response of thehis important parameter. To illustrate the procedure, in Fig.
virgin sample for¢~30°. In all cases, the response at very 3 we show experimental points gf vs x’+1 of the irradi-
low ac fields is lineafi.e., x(T) is independent offi,], and it ated sample for two of the chosen angles, together with the-
becomes nonlinear above a threshold ac fiejt,T). The  oretical curves calculated for different valuessah a disk in
experimental determination d)fa was discussed in detail in the linear regime. We observe that below a certain tempera-
Ref. 10. In the following subsection we compare the resultsure (i.e., below a certain value of’, abouty’+1~0.3 in
obtained in the linear regime for each one of the chosefhe particular cases shown in Fig, 3 remains small, indi-

angles, and later we analyze the nonlinear response. cating a Campbell regime. We corroborated that this is the
case for each one of the chosen direction$lgf; that is, a
A. Linear regime Campbell regime is always present at low enough tempera-

In a linear regimey’ and y” are completely determined ture. ) i i
by the complex penetration depih=\g+i\, and the ex- In the Campbell regimeg(<1), to first ozrder ine the
perimental geometry. In the last years, numeric solutions ofCréeningy’ depends only ong; the.ref;)re,)\zR(X’z) can be
Y(\.0 for different geometries have been publisi&@tin  easily obtained.Moreover, in this limitAZ=\7+\Z, where
order to analyze our data, we chose to approximate our ex\{ is the square of the London penetration length agd
perimental situation to the one of a thin superconductor disk= (¢oB/4may) is the square of the Campbell penetration
with a transverse ac field, and we used the solution proposedepth. In this expressiog is the flux quantum and,_is the
by Brandt for this casé In this geometryy is only a func-  Labusch constant per vortex unit length. It can be seen from
tion of the dimensionless paramete}/(R5), whereRands  the last expression that, if,_is independent oB (Campbell
are the radius and thickness of the disk, respectively. regime of individual vorticels A2 will be proportional toB.

The vortex dynamics within the linear regime can be To analyze theB dependence ok, , measurements for
dominated by different types of forces. These different posseveral values of dc fields along the chosen directions in the
sibilities are parametrized by the ratio between the imaginarjinear regime have been performed and the corresponding
and real components of the penetration depth\ | /Ag. In )\ZR(X’) have been calculated. We have observed qualitative
previous publications we have exhaustively discussed thdifferences in the behavior in the various angular ranges. The
physical meaning of the paramete?.If e<1, we are in the results are summarized in Figs. 4 and 5.
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00 notably for greater tilts. The behavior is also very different in
0. 0 ’ 460 860 12'00 the nonirradiated sample. In the last two cases, no linear
H. (Oe) dependence in3 vs B at low fields is observed, indicating
de (Oe that a Labusch constant independent of field does not exist.

gThe fact that in these casesg decreases with increasirig)
iS noteworthy, as collective pinning theories never predict
this behavior; its physical meaning is an open questiolt.
can also be seen that when the dc field is aligned with the
defects\2 is much lower than for either angles far awély
or 5 timeg or for the nonirradiated sampl@.0 times. For
fields higher thanB,/2, the ratio between the Campbell
elengths in different orientations decreases.

Furthermore, we observe that the responsg=at-30° in
the irradiated sample is different from the response observed

o 10 S 2 . at =30° in all the range of measured fields; this means that

FUb“Cat'pEi whenBtEer|;e2IdJsAf0a(;|gg1ed to _de_fect!sR 'i up toHy~2B, the presence of defects is still important. A
Inear wit up to B=B,/2( €), pointing to the noteworthy result is that, for low dc fields, the responses at

presence of a Campbell regime with a pinning force |ndepen-_7oo and—30° are very similar. Neaf 4= B /2, the curve

dent of dc field, with vortices individually pinned by the for =—30° starts to increase more swiftly, and both re-

Co'umf‘arzdefe"‘sz- For h_'glher dc fields, there is an increase Ig'ponses can be clearly distinguished. This fact indicates that
the rationg/B~\c/Bxe 7, due to the decrease of as the even at an angle~ —60° from the tracks direction the oc-
effective pinning becomes dependent on the lattice interacéupation of defects play an important role.
tions. We have also shown that, for samples V‘Bé@ well The above experimental results can be qualitatively un-
above our maximum accessibt,c, the linearityAc=B is  gerstood as follows. In the first part of this work, we con-
maintained in our wholé . range. The fact that the linear ¢|yde that vortices are partially accommodated in the defects
slope increases with temperature arises from the weakening, a1 the chosen angles. The restitutive constant is
of the individual pinning forci.e., a, decreases witll). At higher in the vortex segments that are accommodated into
6=—70° the response is completely differentiz(B) be-  the columnar defects. For this reason, while the Campbell
gins with a larger slopéi.e., a lowera, ) and, for low fields,  regime remains individual, the average Labusch constant in-
shows a negative curvatufee., «, increases with field for  creases with the length of pinned segments, i.e., when the
higher fields, it develops a slightly positive curvature. angle ¢ (relative to the defecisdecreases. For large the

Let us now analyze the behavior at intermediate anglesijtuation is more complex: First, the fraction of each vortex
and see how the response in the linear regime compares Wiflinned by the tracks is very smdit can be seen that, for
that observed in the virgin sample. In Fig. 5 various curveshe nonirradiated sample at 30° is just half the value ob-
of Nj(B) for the chosen values of are compared al  served at-30° in the irradiated sampleMoreover, the pin-
=90.5 K. We see that the qualitativei(B) behavior ob- ning force for small displacements is comparable to that in-
served wherB is aligned to the defec{$-ig. 4(b)] still holds  duced by neighbor vortices anrg is no longer independent
if the field is tilted by a few degree9& 34°), but it changes of B.

FIG. 4. Field dependence of the square of the dimensionles
linear real penetration depth at different temperaturesasured
with an h,=5 mOe. (a) Hy in a direction forming a large angle
with defects.(b) H parallel to defects.

Figure 4 shows the calculated dimensionl&%gi(Ré/Z)
as a function of the dc field for different temperatures in th
case of an angl@= —70°, far away from the defec{¢ig.
4(a)] in comparison with those obtained with the field paral-
lel to tracks[Fig. 4b)]. As we have shown in previous
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Measurements in all the available rangehgfhave been is still more notable in the nonirradiated sample. Consistently
performed. The first notable observation is that, in the nonwith the last observation, for those high ac fields the depen-
linear regime, the angular dependence of the ac responsedgnce ofy on h, decreases tending to a new linear regime.
much more pronounced. For large angles relative to the co- To check this last remark, in Fig. 7 we compare experi-
lumnar defects direction, as soon as the linear behavior igental points ofy” vs y’ +1 obtained at different angles at
lost, thex(T) curves get wider in temperature and the dissi-h,~ 6.4 Oe, with those calculated for a disk both in the Bean
pation peaks notably increase. These facts are summarized dfitical state(solid line in the figurg and in the Ohmic re-
Fig. 6, where the nonlinear behavior at different angles an‘é}ime (dashed ling While in the irradiated sample the re-
th_eir comparigon with the nonirradiated sample are shown. ldponse ay=30° is similar to the expectation for a critical
Fig. &), various x’(h,) curves at the same temperature giate for angles far away from the defects it tends to the
(90.5 K) for different angles are plotted, while in Fig® all Ohmic behavior. Notice that, as well ag’., increases,

the curves included have the samg (and therefore they A . . .
were obtained at different temperaturds Fig. 6c) the de- X (Xmad @lS0 tends to the expected value in a linear Ohmic

pendence of the maximum of the dissipative component®9'Me- o _
Xmadha) is shown As another test to close this picture, we tried to check
ma: .

It can be observed that the ac fidﬂ; at which loss of whether a critice_tl—state regime is establish_ed or not, making
linearity occurs is lower when the pinning due to the CD’s isUse of thg experlmental rnethod_ presented in Ref. 1.0' we .W'"
less efficient: in the nonirradiated samgéolid down tri- _not e>.<plla|n this method n detail herg. Essentially, it c0n§|§ts
angles in the figune hla is almost one order of magnitude " building up an experimental critical-state ch_aracterlstlc
lower than in the case of the irradiated sample with fielg!ength Ay’ (ha, T))<ha/J,(T) _(Where ‘_]w IS the .
aligned to defectéopen squares in the figubesVhenH g, is frequency-dependent current densrcy. established in the c_:r|t|—
aligned to the CD's, the departure from linearity is smooth,cal stat¢ and then to check the consistency of the resulting
while for large ¢ angles(solid circles and open up triangles function A.(h,) at each temperature. A critical state is estab-
in the figure$ the departure from linearity is much more lished if, at constant andw, A turns out to be proportional
abrupt. to h,. The typical result in the case of vortices aligned to

As we have reported in previous work® whenHy. is  defects is illustrated in Fig.(8) where plots ofA (h,) for
aligned with the tracks the maximum gf (T) for the high-  different temperatures are shown. Abovetg(T) (signaled
esth, is similar to the value expected in a critical-state re-by arrows in the figurg A, is proportional toh,. Figure
gime (xmax—0.24 for a disk in transversal geometriFigure  8(b) shows the result of the same procedure applied to data
6(c) shows that this fact does not hold for largeangles- obtained atd=—70°. Whereas in the case #f,. aligned

for relatively small ac fields,,., Overcomes the charac- with the tracks a consistent function was obtairtee., the
teristic maximum of the critical state and, for the highestexistence of a critical-state regime was proved largee a
fields, approaches the expected values for the ohmic regimesatisfactory solution was not attained.
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FIG. 7. Experimental curveg’(x') at a largeh,=6.4 Oe in the FIG. 8. Test to prove the existence of a critical regime, i.e., the

irradiated and virgin sample for various angles. Lines are the theoeonsistency of the functior .(x’)=h,/J,(T). (8 When the dc

retical calculation for a disk in an Ohmic reginigashed lineand  field is aligned with the defects). is proportional toh, above

in a Bean critical statésolid line). hg(T) (signaled by arrows (b) At large anglesyp, there is not a
good solution. Plots are in logarithmic scale.

A possible explanation for this behavior is the following- _ _ . _
Whene is large, the effective critical current density is ~ considerations, we point out that the apparent angular region

much lower than in the case in whi¢h is aligned with the ~ notably affected by the CD’s ib, dependent. Thus results
tracks. In fact, it is so much reduced that a critical statearising from studies carried out using only one ac amplitude
cannot be established: as soon as the linearity is lost anghould be interpreted with caution.
the vortex displacements become mainly determined by
creep m_echamsm; across the pinning centers, the ac field V. CONCLUSIONS
penetration length increases very much and becomes compa-
rable to the flux-flow skin depth. In this condition, a nonlin-  From the comparison between the angular dependence of
ear regime in which pinning forces, activated mechanismsthe ac susceptibility in irradiated and virgin samples, we con-
and viscous losses contribute significantly to the vortex moclude that columnar defects are the main source of correlated
tion is established. pinning even when the anglebetween them and the dc field
Finally, another interesting consideration arises from Figis large. This fact is not consistent with the presence of an
6, as it allows us to reanalyze the angular dependengé®f accommodation angle going to zero when approaching the
previously shown in Fig. 2. The angle beyond which there idiquid transition.
an abrupt increase in the ac field penetration in the left side We have also shown that the width of the angular region
of Fig. 2 (9= —60°) corresponds to the angle for which, atin which the screening is notably increased by defects
the particular ac field value,=0.2 Oe, the system changes (strong peak around the tracks direclids related to an
from a nearly linear regime to a nonlinear one. This fact carabrupt change in the dynamic regime and its limit depends
be easily verified crossing the curveg'(h,) at h,  onthe amplitude of the ac field. The linear regime limit angle
=200 mOe in Fig. ). By performing the same procedure coincides with a qualitative change in the behavior of the
at lower h, we can observe that, if angular measurementwirgin sample. Beyond this limit angle, the main sources of
were made at lower ac fields, a smooth angular dependengénning in the irradiated and virgin samples seem to be the
would extend to orientations closer to thb planes. On the same. Our results are consistent with a predominance of the
other hand, if we perform the procedure foy=400 mOe, intrinsic pinning due t@b plane in this region. However, due
the abrupt increase of ac field penetration will appear beforéo the strong angular dependence of the ac response in the
0= —30°. For even higher values &f,, the region drasti- vicinity of the ab planes, it is clear that a similar study with
cally affected by the CD’s will only involve the peak close to a better resolution should be necessary to confirm the last
the defects, as has been reported previot¥sirom all this  conclusion.
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For small enough ac fields, a Campbell regime is estabeal state is established in the frequency range of our mea-
lished in all cases. We observe important qualitative differ-surements. For the highest ac fields the behavior approaches
ences in the pinning potential for directions close and faran Ohmic regime.
away from defects. For low, the Labusch constant is inde-  Finally we would like to remark the last conclusion about
pendent of field up téd 4~ B 4/2 and decreases with increas- the analysis of the angular dependence of the ac response in
ing ¢. This behavior is consistent with a picture in which vortex systems: from the above results, it is clear that an-
vortices are individually pinned by the columnar defect-gular measurements performed using only one ac field, with-
s: the average restorting force is proportional to the vortexout characterizing the dynamic regimes involved, may be
fraction pinned in the defects at each angle. At largeral-  erroneously interpreted.
ues the response is completely different: collective effects
and other pinning sources have to be taken into account.
However, in all cases the influence of defects is still impor-
tant up to the highest applied fieliy;~2B, . We acknowledge V. Bekeris for practical support and use-

The departure from linearity is much more abrupt whenful discussions, and V. Bray for her participation in the final
the field is far away from the tracks. In these cases, no critiedition of this work.
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