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Angular regimes of ac dynamics and pinning in YBa2Cu3O7 crystals
with and without columnar defects
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The main source of vortex pinning near the solid-liquid transition at different orientations of a low dc field
in YBa2Cu3O7 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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I. INTRODUCTION

Up to now, a great effort has been devoted to underst
the interplay between the phase diagram of the vortex sys
in high-temperature superconductors~HTSC’s!, its dynami-
cal regimes, and the underlying quenched disorder.1 At
present, it is well known that defect topology affects dras
cally both the dynamic and static behavior. In this fram
work, the phase diagram of the vortex system as well as
dynamics has been intensely studied in HTSC’s with colu
nar defects~CD’s! when the magnetic fieldHdc is aligned
with the tracks.2–10 In this case, several facts have been
tablished: There is a second-order phase transition at a
peratureTBG higher than the preirradiation melting temper
ture. Below this line, vortex matter freezes into a Bose-gl
phase.1,4–6For low enough temperatures and fields, each v
tex is pinned by a single track. This individual pinning r
gime holds below a lineBrb(T). Above this boundary the
intervortex interactions become significant and pinning tu
collective. At low temperaturesBrb(T) approaches the
matching fieldBf ~the field at which vortex and defects de
sities are the same!. Above the ‘‘depinning temperature
Tdp, the lineBrb drops abruptly,7,8 so that for high tempera
tures, the individual pinning regime is limited to a region
very low fields.

In previous papers we have investigated the dynamica
response of the vortex system at highT, in a low density of
correlated defects.9,10 We have established that the respon
can be described, up to temperatures very close toTBG, in
terms of an equation of motion for the vortex system and
have built a quantitative dynamical diagram in the pla
(ha ,T). For low amplitudesha of the ac field, a linear re-
sponse with scarce dissipation, characteristic of the Ca
bell regime~in which the average vortex positions oscilla
inside the pinning centers!, holds. The curvature of the pin
ning potential wells~Labusch constant! results independen
0163-1829/2002/65~21!/214517~8!/$20.00 65 2145
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of B up to Hdc;Bf/2. For large enough ac fields, a critica
state regime with activation energies strongly dependent oT
andJ is established. In between both regimes, there is a la
region~more than one order of magnitude inha! where there
is a nonlinear response determined from both intra- and
tervalley motion of the vortex system.

On the other hand, when defects are not aligned withHdc,
several questions are still open. In the initial works of Nels
and Vinokur,4 for a system containing a single set of parall
correlated defects, the authors predicted the following sce
nario: when the angle between the applied field and CD’
small enough, vortices are expected to remain locked into
defects. For tilts larger than the lock-in anglewL , vortices
are expected to form staircase structures with segm
pinned into different defects and connected by unpinned
weakly pinned segments. For tilt angles beyond an acc
modation anglewA , the simplest scenario states that vortic
will be straight and take the direction determined by t
applied field, thus being unaffected by the correlated nat
of the pinning. The same qualitative description applies
the case of planar correlated disorder~e.g., twin boundaries!.
Theory also predicts that the accommodation angle decre
with increasing temperature, as the ratio between the pinn
and elastic energies, and goes to zero whenT→TBG.

More recently, however, several experiments have sho
that the actual situation in twined YBa2Cu3O7 crystals with
columnar defects is more complex. This is a consequenc
the interplay of the CD’s with the natural sources of cor
lated pinning: namely, twin boundaries~TB’s! and ab
planes. The response, in this case, is not simply describe
taking into account an accommodation angle for each dir
tion of correlated defects. Measurements of the angular
pendence of the irreversible magnetization established
the combined effect of the three sources of correlated p
ning must be taken into account to describe the vortex st
ture in samples with inclined CD’s.11 This description is sup-
©2002 The American Physical Society17-1
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ported by transport dc measurements carried out
nonirradiated twined YBa2Cu3O7 crystals that suggest tha
correlated disorder plays an important role for all the fie
orientations.12 On the other hand, sophisticate transp
experiments13,14 and recent measurements of the angular
pendence of the ac susceptibility in similar samples15,16show
a very complex scenario where the effect of the differ
sources of correlated pinning is still a matter of debate.

In order to clarify this scenario, in this work we study th
angular dependence of the ac response of the vortex sy
at high temperature and low dc fields in crystals with a sm
density of CD’s tilted relative to thec axis. In the first part
we compare the results with those obtained for nonirradia
samples, with the scope to analyze which is the main sou
of pinning and whether the character of this pinning is c
related or random. In the second part we study exhausti
the dynamical response at different angles between the
Hdc and the tracks to evaluate the changes introduced in
dynamic diagram when the field is tilted with respect to t
defects.

II. EXPERIMENTAL PROCEDURES

In this work we present ac susceptibility measureme
performed on two twinned YBa2Cu3O7 single crystals grown
using a flux growth technique.17 One of them~approximate
dimensions 0.8 mm30.5 mm310mm! was irradiated at
room temperature with 291-MeV Au271 ions at the TAN-
DAR accelerator facility, with a dose-equivalent matchi
field Bf;700 Oe at an angleuD530° from thec axis. The
other one ~approximate dimensions 0.5 mm30.5 mm
315mm! was used as a reference. In order to facilitate
comparison we selected both crystals from the same ba
they have identical critical temperatureTc591.8 K ~defined
as the onset of the ac transition atHdc50 in the linear ac
regime! and zero-field transition widthDTc.0.6 K ~defined
as the range with nonzero dissipation in the same conditi!.
In addition, the low irradiation dose used does not prod
any measurable effect either in the critical temperature o
the transition width.

The complex ac susceptibilityx5x81 ix9, was measured
in an ac fieldhaeivt parallel to thec axis which is very
homogeneous in the volume occupied by the sample.
amplitudeha is varied from 5 mOe to 8 Oe and the fre
quencyf 5v/2p from 300 Hz to 100 kHz. A uniform static
field Hdc up to 1300 Oe is added. The ac coil setup and
sample~which are rigidly glued together! can be rotated with
a precision of;1°, allowing us to vary the angleu between
the c axis andHdc. Measurements are performed in all th
cases by slowly warming up the sample. Generally, sev
curves at various amplitudesha or at different anglesu were
recorded during each temperature sweep. The scan in a
was always performed in the same direction to avoid ba
lash problems. All the curves ofx8 andx9 at each frequency
are normalized by the same factor, corresponding to a t
stepDx851, with Hdc50. Other experimental details can b
consulted in Ref. 10. Before introducing our results, we po
out that throughout this paper two different angles
21451
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used: the angleu between thec axis andHdc and the angle
w5u2uD betweenHdc and the tracks.

III. ANGULAR DEPENDENCE OF THE ac RESPONSE

In this section we will analyze the overall angular depe
dence of the susceptibility of the virgin and irradiated cry
tals. By comparing and contrasting the behavior of bo
samples, we will be able to identify several angular rang
where pinning is dominated by different mechanisms.

Figures 1~a! and 1~b! show some of the experimentalx8
curves recorded as a function of temperature at differ
anglesu in both the virgin and irradiated crystals. All thes
curves were measured withha50.2 Oe andHdc5360 Oe.
The zero-field transitions are also included as a refere
~dotted curves!. Comparison of both figures shows that wh
the direction ofHdc is close to theab planes@curves foru
592° in Fig. 1~a! andu591° in Fig. 1~b!, shown with solid
squares# the response of both samples is very similar.
contrast, at all other field orientations the irradiation pr
duces a clearly visible upward shift of thex8(T) curves, due
to the additional pinning introduced by the CD’s. Close
the defects@u528°, shown with solid up triangles in the Fig
1~b!# pinning is drastically increased.

In the virgin sample, curves at intermediate angles@e.g.,
u524.5°, shown with solid up triangles in Fig. 1~a!# present

FIG. 1. ~a! Temperature dependence of the out-of-phase com
nentx8 of the ac susceptibility with the dc field oriented at vario
anglesu relative to thec axis in a nonirradiated sample. Inse
: curves of the in-phase componentx9 as a function ofT in the
linear regime; a structure is present at intermediate angles.~b! Same
in a sample irradiated with a matching fieldBf5700 Oe atu
530°.
7-2
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FIG. 2. Angular dependence o
x811 in the irradiated ~open
squares! and virgin sample
~circles! at different temperatures
The dotted lines are guides for th
eye ~in the virgin sample it has
been constructed from the ex
pected symmetry relative to thec
axis!. In the irradiated sample, the
symmetry is recovered atusim ~in-
dicated by arrows!. Beyond this
angle both responses are ve
similar. All graphics are in semi-
logarithmic scale.
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a complicated structure. This characteristic structure exte
to higheru asha decreases, occurring up to around 75° in t
linear regime, as can be seen in the inset of Fig. 1~a!. A
similar behavior has been reported in other works16 and its
origin is not clear. Careful experiments have shown that
this angular region, thermomagnetic history must be ta
into account. The sharp onset is generally associated w
first-order transition, while the cause of the previous d
crease in]x8/]T is unclear. Some works claim that it is du
to a softening of the vortex lattice~peak effect!,18 while Ref.
16 states that it may be a consequence of the vanishing
fluence of twin boundaries with a consequent reordering
the vortex lattice. In any case, it can be seen that in
irradiated sample the structure disappears completely.

Data such as those shown in Fig. 1 can be used to buil
curves ofx811 as a function ofu in both samples at fixed
temperature. Figure 2 shows such curves at three diffe
temperatures. Several features are apparent here. First, i
irradiated sample the original symmetry is broken@x8(u)
Þx8(2u)# by the presence of the tilted defects. This sy
metry breaking occurs over a very large angular range;
symmetry is only recovered foruuu>usim;75°, signaled
with arrows in the figure. Second, in the asymmetric ran
uuu<usim the ac field screening is, at any temperature, lar
than the one corresponding to the virgin sample. Third,
yond uusimu the behavior of both samples is very similar. Th
last result suggests that the pinning properties in the vici
of theab planes are not significantly altered by the introdu
tion of CD’s. However, the ac response in that angle regio
a strong function ofu, and a better angular resolution wou
be required to perform an accurate comparison.

The first obvious conclusion that arises from Fig. 2 is th
pinning in the irradiated crystal is dominated by CD’s ov
most field orientations. It is apparent that the CD’s hav
directional effect~i.e., they act as correlated pinning center!,
21451
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as they modify the original symmetry. This is true even wh
Hdc is almost perpendicular to the tracks, between275° and
260°. Note also that, even in that angular region, the pinn
due to the CD’s is much more efficient than that presen
the nonirradiated sample, as indicated by the much la
screening~smallerx8!. In the quadrant of positiveu angles
~the right side of the figures!, where the track direction is
contained, the vortex pinning in the irradiated samp
abruptly decreases around theusim angle. Instead, in the lef
side the screening falls down atu;260°, but the behavior
of the nonirradiated sample is not recovered until 15° beyo
this angle, atu;2usim. In Sec. IV B we will show that the
angle in which the screening falls down~for this case about
260°! is ha dependent and is a consequence of a chang
the dynamic regime.

Figure 2 also shows that the response is not symme
with respect touD . This fact can be easily explained sinc
the anisotropic character of the material and the presenc
natural correlated defects~TB’s andab planes! should have
an important role in the vortices accommodation. The o
served correlated nature of the pinning implies that a fract
of the vortex lines remains accommodated in the CD’s. Ho
ever, the average segment length of the vortices pinne
defects is determined11,19 by the competition between th
pinning and elastic energies, both depending on theu angle
relative to thec axis.

The main point to emphasize from these measuremen
that the angular region in which CD’s act as correlated p
ning centers is very large. It can also be noticed that, in
range of temperature of Fig. 2,usim;75° is nearly constant
This behavior is not consistent with the existence of an
commodation anglewA beyond which the correlated natur
of the pinning should disappear, because at these high
peratures, a such angle is expected to be very narrow an
decrease fast withT. We have previously shown11 from dc
7-3
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G. PASQUINI, L. CIVALE, H. LANZA, AND G. NIEVA PHYSICAL REVIEW B 65 214517
magnetization measurements that, in a crystal with a hig
density of CD’s introduced at the same crystallographic o
entation as in the present case, at temperatures about
the symmetry relative to thec axis is recovered forusim
;65°. We also showed there thatusim slightly increases by
increasing temperature, in opposition to the expected be
ior for wA(T). Our ac susceptibility results presented he
are in compliance with this scenario and confirm the abse
of an accommodation angle in twined YBa2Cu3O7 crystals.

We now return to the situation for field directions close
the ab planes (uuu.75°). The very similar behavior of both
samples in this angular region suggests that the main pin
source is the same. A related feature is that, in the non
diated sample, the qualitative change in the linear respon
observed very nearu;75° @inset of Fig. 1~a!#. Beyond this
angle, no structure is observed at any ac field. The ab
observations could be explained by assuming thatusim indi-
cates the angle beyond which, for both the irradiated
virgin samples, theab planes become the prevailing pinnin
centers.

IV. DYNAMIC REGIMES

In this section we present a detailed analysis of the
response in the irradiated sample at various orientation
the dc field. The angles selected for this study are repre
tative of the various angular regions observed in the previ
section: Hdc aligned with the defects (u;30°,w;0), Hdc
at a very small angle relative to defects (u;34°,w;4°),
Hdc along the direction symmetric to the tracks relative to
c axis (u;230°,w;260°), andHdc in the angular region
where the screening falls down (u;270°,w;2100°
[80°). For comparison, we also include the response of
virgin sample foru;30°. In all cases, the response at ve
low ac fields is linear@i.e.,x(T) is independent ofha#, and it
becomes nonlinear above a threshold ac fieldha

l (u,T). The
experimental determination ofha

l was discussed in detail in
Ref. 10. In the following subsection we compare the res
obtained in the linear regime for each one of the cho
angles, and later we analyze the nonlinear response.

A. Linear regime

In a linear regimex8 and x9 are completely determine
by the complex penetration depthlac5lR1 il I and the ex-
perimental geometry. In the last years, numeric solutions
x(lac) for different geometries have been published.20,21 In
order to analyze our data, we chose to approximate our
perimental situation to the one of a thin superconductor d
with a transverse ac field, and we used the solution propo
by Brandt for this case.21 In this geometry,x is only a func-
tion of the dimensionless parameterlac

2 /(Rd), whereR andd
are the radius and thickness of the disk, respectively.

The vortex dynamics within the linear regime can
dominated by different types of forces. These different p
sibilities are parametrized by the ratio between the imagin
and real components of the penetration depth«5l I /lR . In
previous publications we have exhaustively discussed
physical meaning of the« parameter.9 If «!1, we are in the
21451
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presence of a Campbell regime, in which elastic pinn
forces dominate. The pinning force can be expressed
Fp(r )52aLu(r ), whereaL is the average curvature of th
pinning potentials, or Labusch constant, andu(r ) is the av-
erage displacement of the vortices at ther position. In the
other limit «51, dissipative terms dominate and the syste
is Ohmic with a real resistivity. When both pinning and di
sipative forces contribute significantly to the response«
takes intermediate values.

The fact that, for a given geometry, the functionx9(x8) in
the linear regime depends only on« can be used to determin
this important parameter. To illustrate the procedure, in F
3 we show experimental points ofx9 vs x811 of the irradi-
ated sample for two of the chosen angles, together with
oretical curves calculated for different values of« in a disk in
the linear regime. We observe that below a certain temp
ture ~i.e., below a certain value ofx8, aboutx811;0.3 in
the particular cases shown in Fig. 3!, « remains small, indi-
cating a Campbell regime. We corroborated that this is
case for each one of the chosen directions ofHdc; that is, a
Campbell regime is always present at low enough temp
ture.

In the Campbell regime («!1), to first order in« the
screeningx8 depends only onlR ; therefore,lR

2(x8) can be
easily obtained.9 Moreover, in this limitlR

25lL
21lC

2 , where
lL

2 is the square of the London penetration length andlC
2

5(f0B/4paL) is the square of the Campbell penetrati
depth. In this expressionf0 is the flux quantum andaL is the
Labusch constant per vortex unit length. It can be seen fr
the last expression that, ifaL is independent ofB ~Campbell
regime of individual vortices!, lC

2 will be proportional toB.
To analyze theB dependence ofaL , measurements fo

several values of dc fields along the chosen directions in
linear regime have been performed and the correspon
lR

2(x8) have been calculated. We have observed qualita
differences in the behavior in the various angular ranges.
results are summarized in Figs. 4 and 5.

FIG. 3. Examples of experimental curvesx9(x811) in the ir-
radiated sample at twou angles plotted in semilogarithmic scale
Lines are theoretical calculations for a disk in the linear regi
corresponding to different values of«5l I /lR . In all cases, below
a certain temperature there is a small« indicative of a Campbell
regime.
7-4
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Figure 4 shows the calculated dimensionlesslR
2/(Rd/2)

as a function of the dc field for different temperatures in
case of an angleu5270°, far away from the defects@Fig.
4~a!# in comparison with those obtained with the field par
lel to tracks @Fig. 4~b!#. As we have shown in previou
publications,9,10 when the field is aligned to defects,lR

2 is
linear with B up to B.Bf/2(;400 Oe), pointing to the
presence of a Campbell regime with a pinning force indep
dent of dc field, with vortices individually pinned by th
columnar defects. For higher dc fields, there is an increas
the ratiolR

2/B;lC
2 /B}aL

21, due to the decrease ofaL as the
effective pinning becomes dependent on the lattice inte
tions. We have also shown that, for samples withBf well
above our maximum accessibleHdc, the linearitylC

2 }B is
maintained in our wholeHdc range. The fact that the linea
slope increases with temperature arises from the weake
of the individual pinning force~i.e.,aL decreases withT!. At
u5270° the response is completely different:lR

2(B) be-
gins with a larger slope~i.e., a loweraL! and, for low fields,
shows a negative curvature~i.e., aL increases with field!; for
higher fields, it develops a slightly positive curvature.

Let us now analyze the behavior at intermediate ang
and see how the response in the linear regime compares
that observed in the virgin sample. In Fig. 5 various curv
of lR

2(B) for the chosen values ofu are compared atT
590.5 K. We see that the qualitativelR

2(B) behavior ob-
served whenB is aligned to the defects@Fig. 4~b!# still holds
if the field is tilted by a few degrees (u534°), but it changes

FIG. 4. Field dependence of the square of the dimension
linear real penetration depth at different temperaturesmeasured
with an ha55 mOe. ~a! Hdc in a direction forming a large anglew
with defects.~b! Hdc parallel to defects.
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notably for greater tilts. The behavior is also very different
the nonirradiated sample. In the last two cases, no lin
dependence inlR

2 vs B at low fields is observed, indicating
that a Labusch constant independent of field does not e
~The fact that in these casesaL decreases with increasingB
is noteworthy, as collective pinning theories never pred
this behavior; its physical meaning is an open question.! It
can also be seen that when the dc field is aligned with
defectslc

2 is much lower than for either angles far away~4
or 5 times! or for the nonirradiated sample~10 times!. For
fields higher thanBf/2, the ratio between the Campbe
lengths in different orientations decreases.

Furthermore, we observe that the response atu5230° in
the irradiated sample is different from the response obser
at u530° in all the range of measured fields; this means t
up to Hdc'2Bf the presence of defects is still important.
noteworthy result is that, for low dc fields, the responses
270° and230° are very similar. NearHdc5Bf/2, the curve
for u5230° starts to increase more swiftly, and both r
sponses can be clearly distinguished. This fact indicates
even at an anglew;260° from the tracks direction the oc
cupation of defects play an important role.

The above experimental results can be qualitatively
derstood as follows. In the first part of this work, we co
clude that vortices are partially accommodated in the defe
for all the chosen angles. The restitutive constantaL is
higher in the vortex segments that are accommodated
the columnar defects. For this reason, while the Camp
regime remains individual, the average Labusch constan
creases with the length of pinned segments, i.e., when
anglew ~relative to the defects! decreases. For largew the
situation is more complex: First, the fraction of each vort
pinned by the tracks is very small~it can be seen thataL for
the nonirradiated sample at 30° is just half the value
served at230° in the irradiated sample!. Moreover, the pin-
ning force for small displacements is comparable to that
duced by neighbor vortices andaL is no longer independen
of B.

ss

FIG. 5. Field dependence of the square of the dimension
linear real penetration depth in the irradiated sample at a fixed t
perature for different anglesu. A curve of the virgin sample at the
same temperature is also shown. All curves were measured wit
ha55 mOe.
7-5
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FIG. 6. Linear and nonlinear
behavior at different anglesu as a
function of the ac field.~a! Com-
parison of x8(ha) curves at the
same temperature.~b! Comparison
at the same linear real penetratio
depth and~c! maximum of the dis-
sipative componentx8(T). Sym-
bols correspond to the three pan
els and all graphics are in
semilogarithmic scale.
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B. Nonlinear response

Measurements in all the available range ofha have been
performed. The first notable observation is that, in the n
linear regime, the angular dependence of the ac respon
much more pronounced. For large angles relative to the
lumnar defects direction, as soon as the linear behavio
lost, thex(T) curves get wider in temperature and the dis
pation peaks notably increase. These facts are summariz
Fig. 6, where the nonlinear behavior at different angles
their comparison with the nonirradiated sample are shown
Fig. 6~a!, various x8(ha) curves at the same temperatu
~90.5 K! for different angles are plotted, while in Fig. 6~b! all
the curves included have the samelR ~and therefore they
were obtained at different temperatures!. In Fig. 6~c! the de-
pendence of the maximum of the dissipative compon
xmax9 (ha) is shown.

It can be observed that the ac fieldha
l at which loss of

linearity occurs is lower when the pinning due to the CD’s
less efficient: in the nonirradiated sample~solid down tri-
angles in the figure!, ha

l is almost one order of magnitud
lower than in the case of the irradiated sample with fi
aligned to defects~open squares in the figures!. WhenHdc is
aligned to the CD’s, the departure from linearity is smoo
while for largew angles~solid circles and open up triangle
in the figures! the departure from linearity is much mor
abrupt.

As we have reported in previous works,9,10 when Hdc is
aligned with the tracks the maximum ofx9(T) for the high-
est ha is similar to the value expected in a critical-state
gime ~xmax9 ;0.24 for a disk in transversal geometry!. Figure
6~c! shows that this fact does not hold for largew angles-
: for relatively small ac fieldsxmax9 overcomes the charac
teristic maximum of the critical state and, for the highe
fields, approaches the expected values for the ohmic regi~
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xmax9 ;0.44 for a disk in transversal geometry!. This behavior
is still more notable in the nonirradiated sample. Consisten
with the last observation, for those high ac fields the dep
dence ofx on ha decreases tending to a new linear regim

To check this last remark, in Fig. 7 we compare expe
mental points ofx9 vs x811 obtained at different angles a
ha;6.4 Oe, with those calculated for a disk both in the Be
critical state~solid line in the figure! and in the Ohmic re-
gime ~dashed line!. While in the irradiated sample the re
sponse atu530° is similar to the expectation for a critica
state, for angles far away from the defects it tends to
Ohmic behavior. Notice that, as well asxmax9 increases,
x8(xmax9 ) also tends to the expected value in a linear Ohm
regime.

As another test to close this picture, we tried to che
whether a critical-state regime is established or not, mak
use of the experimental method presented in Ref. 10. We
not explain this method in detail here. Essentially, it cons
in building up an experimental critical-state characteris
length Lc„x8(ha ,T)…}ha /Jv(T) ~where Jv is the
frequency-dependent current density established in the c
cal state! and then to check the consistency of the result
functionLc(ha) at each temperature. A critical state is esta
lished if, at constantT andv, Lc turns out to be proportiona
to ha . The typical result in the case of vortices aligned
defects is illustrated in Fig. 8~a! where plots ofLc(ha) for
different temperatures are shown. Above anha

c(T) ~signaled
by arrows in the figure!, Lc is proportional toha . Figure
8~b! shows the result of the same procedure applied to d
obtained atu5270°. Whereas in the case ofHdc aligned
with the tracks a consistent function was obtained~i.e., the
existence of a critical-state regime was proved!, at largew a
satisfactory solution was not attained.
7-6
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A possible explanation for this behavior is the followin
: Whenw is large, the effective critical current densityJv is
much lower than in the case in whichHdc is aligned with the
tracks. In fact, it is so much reduced that a critical st
cannot be established: as soon as the linearity is lost
the vortex displacements become mainly determined
creep mechanisms across the pinning centers, the ac
penetration length increases very much and becomes co
rable to the flux-flow skin depth. In this condition, a nonli
ear regime in which pinning forces, activated mechanis
and viscous losses contribute significantly to the vortex m
tion is established.

Finally, another interesting consideration arises from F
6, as it allows us to reanalyze the angular dependence ofx~u!
previously shown in Fig. 2. The angle beyond which there
an abrupt increase in the ac field penetration in the left s
of Fig. 2 (u'260°) corresponds to the angle for which,
the particular ac field valueha50.2 Oe, the system change
from a nearly linear regime to a nonlinear one. This fact c
be easily verified crossing the curvesx8(ha) at ha
5200 mOe in Fig. 6~a!. By performing the same procedur
at lower ha we can observe that, if angular measureme
were made at lower ac fields, a smooth angular depend
would extend to orientations closer to theab planes. On the
other hand, if we perform the procedure forha5400 mOe,
the abrupt increase of ac field penetration will appear be
u5230°. For even higher values ofha , the region drasti-
cally affected by the CD’s will only involve the peak close
the defects, as has been reported previously.19 From all this

FIG. 7. Experimental curvesx9(x8) at a largeha56.4 Oe in the
irradiated and virgin sample for various angles. Lines are the th
retical calculation for a disk in an Ohmic regime~dashed line! and
in a Bean critical state~solid line!.
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considerations, we point out that the apparent angular reg
notably affected by the CD’s isha dependent. Thus result
arising from studies carried out using only one ac amplitu
should be interpreted with caution.

V. CONCLUSIONS

From the comparison between the angular dependenc
the ac susceptibility in irradiated and virgin samples, we c
clude that columnar defects are the main source of correl
pinning even when the anglew between them and the dc fiel
is large. This fact is not consistent with the presence of
accommodation angle going to zero when approaching
liquid transition.

We have also shown that the width of the angular reg
in which the screening is notably increased by defe
~strong peak around the tracks direction! is related to an
abrupt change in the dynamic regime and its limit depe
on the amplitude of the ac field. The linear regime limit ang
coincides with a qualitative change in the behavior of t
virgin sample. Beyond this limit angle, the main sources
pinning in the irradiated and virgin samples seem to be
same. Our results are consistent with a predominance of
intrinsic pinning due toab plane in this region. However, du
to the strong angular dependence of the ac response in
vicinity of the ab planes, it is clear that a similar study wit
a better resolution should be necessary to confirm the
conclusion.

o-
FIG. 8. Test to prove the existence of a critical regime, i.e.,

consistency of the functionLc(x8)}ha /Jv(T). ~a! When the dc
field is aligned with the defects,Lc is proportional toha above
ha

c(T) ~signaled by arrows!. ~b! At large anglesw, there is not a
good solution. Plots are in logarithmic scale.
7-7
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For small enough ac fields, a Campbell regime is est
lished in all cases. We observe important qualitative diff
ences in the pinning potential for directions close and
away from defects. For loww, the Labusch constant is inde
pendent of field up toHdc;Bf/2 and decreases with increa
ing w. This behavior is consistent with a picture in whic
vortices are individually pinned by the columnar defe
s: the average restorting force is proportional to the vor
fraction pinned in the defects at each angle. At largerw val-
ues the response is completely different: collective effe
and other pinning sources have to be taken into acco
However, in all cases the influence of defects is still imp
tant up to the highest applied fieldHdc'2Bf .

The departure from linearity is much more abrupt wh
the field is far away from the tracks. In these cases, no c
m
i-

,

v

.

.
v.

ys

za
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cal state is established in the frequency range of our m
surements. For the highest ac fields the behavior approa
an Ohmic regime.

Finally we would like to remark the last conclusion abo
the analysis of the angular dependence of the ac respon
vortex systems: from the above results, it is clear that
gular measurements performed using only one ac field, w
out characterizing the dynamic regimes involved, may
erroneously interpreted.
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