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Abstract 

We explore the AC magnetic susceptibility of YBa2Cu307 single crystals with columnar defects. For vortices parallel to 
the defects the linear response is mainly determined by the Campbell penetration depth with a field independent Labusch 
parameter indicating that vortices are individually pinned. The small dissipation in this limit is likely to arise from thermal 
fluctuations of vortex segments between pairs of metastable states (two-level systems) in the Bose glass phase. Tilting 
vortices away from the tracks results in a reduction of the Bose glass temperature and an increase of the dissipation due to 
the reduction of the pinning forces. We discuss the onset of nonlinear response as the AC field increases. 
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1. Introduct ion  

Aligned columnar defects introduced by heavy-ion 
irradiation strongly influence vortex dynamics in high- 
temperature superconductors (HTSC's)  [1,2]. The 
geometry of  these defects is very well suited to pin 
vortex lines, and it is now well established that large 
enhancement o f  the critical currents and substantial 
enlargement of  the irreversible regime can be achieved 
[ l ]. Below a melting temperature TBG and for applied 
fields parallel to the defects, vortex matter freezes into 
a Bose glass phase [ 2 -6]  with zero linear resistivity. 
Theoretical models [ 2,3 ] indicate that at low temper- 
atures and for applied fields much smaller than the 
matching field B~ (the field at which vortex and de- 
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fect densities are the same), inter-vortex interactions 
are weak as compared to vortex-defect interactions, 
thus each vortex is localized inside a single track and 
pinning is strong. As field increases and vortices be- 
come closer together, inter-vortex interactions become 
important and pinning turns collective. The line in the 
H - T  phase diagram that traces the smooth crossover 
between individual and collective pinning has been 
called the "accommodation field", B * ( T ) .  As T in- 
creases and approaches a temperature T*, the "entropic 
effect" drastically reduces the effective pinning en- 
ergy and B* decreases sharply. The situation for T > 
T* is complex and less understood. The perpendicu- 
lar component of  the vortex localization length grows 
with T and at a temperature Tl > T* it equals the 
average defect distance. Above 7"1 each vortex is col- 
lectively pinned by several defects. The combination 
of  the dose-independent characteristic temperature T*, 
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a defect-density dependent characteristic temperature 
Tl and a field-dependent inter-vortex interaction de- 
termines a variety of possible pinning regimes. 

Measurements of the AC susceptibility X have been 
extensively used [ 7] to explore the vortex dynamics 
of HTSC at high temperatures (in the vicinity of the 
"irreversibility line"), in systems with both correlated 
[4,8,9] and non-correlated disorder [ 10,11 ]. The in- 
terpretation of these measurements is not simple. Vor- 
tex motion in the various solid and liquid phases is in- 
fluenced by pinning, thermal fluctuations and viscos- 
ity [ 12-15]. The AC response may be either linear or 
nonlinear [ 16], and critical scaling may be observed 
in the vicinity of  the vortex-glass [ 10] or Bose glass 
[ 6 ] transition. Recent theoretical studies indicate that 
the AC response of systems with aligned columnar de- 
fects should exhibit a variety of linear and nonlinear 
regimes depending on the value and orientation of the 
applied DC field Hoc, the temperature T and the am- 
plitude hAc and frequency f of the AC field [ 17]. An 
additional complication arises from the geometry. The 
solution of the electromagnetic problem of an AC field 
applied perpendicular to the surface of a thin platelet 
(which is the typical case for HTSC crystals and thin 
films), is non-trivial. Only recently have the quantita- 
tive correlation between the macroscopic experimen- 
tal results X(HDc, hAC, f ,  T) and the underlying vor- 
tex motion been sorted out in full, and only for the 
two extreme limits of linear response [ 18 ] and critical 
state [ 19]. 

In this work we present measurements of the AC 
susceptibility X of YBa2Cu307 single crystals with 
columnar defects introduced by heavy-ion irradiation, 
in the limit of low magnetic fields and high tempera- 
tures. Our results are consistent with existing models 
[ 9,12,13,15 ] for the motion of vortices in the presence 
of pinning. For small values of hAC we find a linear 
response that is well described by a Campbell regime 
[ 20] of pinned vortices. In'this limit we observe a very 
small and almost frequency-independent dissipation 
that is likely to originate in thermally induced jumps 
of vortex segments between two metastable states of 
similar energy (two-level systems) [ 14] in the Bose 
glass phase. Quantitative results for the Campbell pen- 
etration depth and the Labusch parameter that char- 
acterize this regime are obtained using the numeri- 
cal procedure recently developed by Brandt [ 18]. For 
larger hAc the amplitude of vortex oscillations grow 

and the response becomes nonlinear when the linear 
approximation for either the pinning or thermal forces 
fails. The crossover from linear to nonlinear response 
thus provides information about the size of the pinning 
centers. 

2. Experimental details 

Several YBa2Cu307 single crystals grown using a 
flux growth technique [21] were irradiated at room 
temperature with 280 MeV Sb 22+ ions at the TANDAR 
accelerator facility, in a variety of doses and orienta- 
tions. Energy deposition rate is greater than the thresh- 
old for columnar track formation ( ~  1.8 keV//~) in 
the first l0 ~m. Measurements of DC magnetization 
confirm a large enhancement of the critical currents, 
enlargement of the irreversible regime and alignment 
effects, as shown by previous studies [ 1,4]. To per- 
form the AC measurements the crystals were fixed to 
one coil of a compensated secondary pair rigidly built 
up inside a long primary coil that can rotate with re- 
spect to the DC field/-/Do This setup ensures an AC 
field parallel to the c-axis being highly homogeneous, 
and a low noise level that allows us to vary the AC field 
from 5 mOe to 6 Oe. Here we will report on results 
for a crystal of size 1 mm × 1 mm × 8/zm, irradiated 
at an angle of 15 ° off the c-axis to a dose equivalent to 
a matching field B,} = 3000 G. This low defect den- 
sity results in a very small decrease (15 mK) in the 
as-grown Tc = 92 K, and no detectable broadening of 
the transition. 

3. Response for hAc parallel to the columnar 
defects 

Fig. 1 shows curves of the screening and dissipa- 
tive components of the AC susceptibility, x ' ( T )  and 
X'I(T) for a DC field HDC = 730 Oe parallel to the 
columnar defects. All the curves are normalized to the 
total step in X' measured with the same AC field and 
frequency at zero DC field. Measurements were per- 
formed at a frequency f = 91 kHz, and each curve cor- 
responds to a different value of hAo These data differ 
in several respects from those measured on the same 
crystal before irradiation. The step in x~(T) and the 
peak in XI '(T) shift to higher temperature and become 
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Fig. 1. Temperature dependence of the (a) out-of-phase X t and 
(b) in-phase X" components of the AC susceptibility, for a DC 
field HDC parallel to the defects and various AC fields hA¢. For 
low hAc a linear regime with a small dissipation peak is observed. 

much sharper, consistent with the enhanced pinning 
and expansion of  the irreversible regime [ 1,4,9]. Be- 
lore irradiation, the transition width increased strongly 
with both HDC and hAo After irradiation, in contrast, 
the transition shows no significant broadening as ei- 
ther HDC or hAc grow. Finally, the peak in x'(T) for 
the same hAc is much smaller after irradiation. 

We see in Fig. 1 that the response is nonlinear, i.e., 
X / and X" depend on hAo To explore this behavior in 
more detail, in Fig. 2 we have used the data in Fig. I 
to construct curves of  X t versus hAc (Fig. 2 (a ) ) ,  and 
the height of  the peak " Xmax versus hAC (Fig. 2 (b ) ) .  
We observe that the response is amplitude indepen- 
dent for low hAC and becomes amplitude dependent 
(i.e. non-linear) as hAc grows. Data for other fields 
HDC _< 730 Oe are very similar. This behavior is a 
fingerprint of  vortex pinning. When the hAc superim- 
posed to HDC is small enough, vortices perform har- 
monic elastic oscillations within their pins and the re- 
sponse is linear [8,20].  A peculiarity of  the observed 
linear regime at low hAC is the very small height of  the 
dissipation peak, )('maxtt "~ 0.02, indicating that vortex 
motion is almost non-dissipative in that limit. When 

0.0 

-0.3, 

-0.6" 

-0.9" 

0.2" 

× 

E 

0.1 

0.0 

91.7K ~" • . .~- .@x--  - ~ ' ' "  v< " • 
_ A '  . zx 

~ 7 -  / • 

9 1 . 4 K  7 -  v -  v -  v ~ < -  - , 7 -  • '  , " ,  / / o  . , >  o 

90.9K i - -  • A-. i ~ . -  ~'" ' A "  v "  ~ / "  
. " d~, / • • 

. v  / o / 

A -  ga A -  A - - X  - A -  ~ o -  o 

90.5K o--O-- o- ~o - --x°- o D 
o o o o ~ ~ • 

90.3K a tz [] a ca'< ,- ) 
8 9 . 9 K  I -  I -  I -  m -  - l -  - " ~ ( I -  - I 

I . . . . . .  2,1 ' 2 '  

O2 • • 

0 2 4 

h~c(Oe) 

~ "  ~ i2  1 -  ZBE 

. . . . .  I . . . . . . . .  I . . . . .  I 

(b) 

I . . . . . . . .  I . . . . . . . .  i . . . . . . . .  I ' ' ' , '  

0 . 0 0 1  0 . 0 1  0.1 1 

hac(Oe) 

Fig. 2. (a) Out-of-phase component X' of the AC susceptibility 
for various temperatures and (b) maximum height of the in-phase 
component X", as a function of AC field hAc. The crosses in 
(a) indicate the onset of nonlinear response. The inset shows the 
same data as in (b), in a linear scale. 

hAc increases vortex excursions become larger and the 
response turns nonlinear. For large enough hA¢ vor- 
tices are driven out of  their pinning sites and a critical 
state develops. Calculations for the critical state in the 
transverse disk geometry predict [19] " - ) (max ~ '  0.24. 
Consistently, for our largest hAC = 5 . 7 0 e  we observe 

H Xmax -~ 0.22 and a trend to saturation, as seen in the 
inset of  Fig. 2 (we will approximate our crystal ge- 
ometry with a disk of  radius 0.7 mm).  

In contrast to the above scenario, vortex motion in 
the absence of  pinning is well described by an ohmic 
flux-flow regime [ 12,13,15], characterized by a lin- 
ear response for all hAc and a large dissipation peak, 

H )(max ~ 0.44 for the transverse disk geometry [ 18], 
in clear disagreement with the behavior seen in Figs. 
1 and 2. 

4. Angular dependence 

To confirm the importance of  the columnar charac- 
ter of  the defects we have explored the AC response 
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Fig. 3. Angular dependence of the maximum in the X" peak and 
the temperature of half screening (Ths) in the irradiated sample. 
The inset shows the comparison with Ths(0) before irradiation. 

for different orientations of HDO In Fig. 3 we plot 
the temperature Ths at which half screening occurs, 
(i.e., x'(Th~) = - ½ ) ,  as a function of the angle 0 
between HDC and the crystallographic c-axis. We ob- 
serve that Ths maximizes when HDC is parallel to the 
tracks within our experimental error. This behavior 
proves that vortex pinning arises from the columnar 
defects, and is consistent with the expectation that the 
Bose glass transition temperature is largest when B [[ 
tracks [2].  The comparison of The(0) before and af- 
ter irradiation (shown in the inset) indicates that the 
intrinsic anisotropy of the crystal is completely super- 
seded by the effect of the columnar defects. As an ad- 
ditional evidence of the influence of the vortex-track 
alignment, in Fig. 3 we have plotted the angular de- 

ll pendence of the maximum of the dissipation .~'max" We 
find that " Xmax is lowest for HDC parallel to the tracks, 
indicating that the ratio of pinning forces to dissipa- 
tive forces is largest for such configuration. 

5. Linear  response 

We now concentrate on the linear regime of the 
Hoc I1 tracks configuration. The linear AC response 
is determined [ 12,13,15,18] by the penetration depth 
,~Ac(T, B, to), where to = 2~'f .  I f  no dissipative mech- 
anisms were involved in the vortex motion equation 
Aac would be real and X" = 0. Dissipative processes 
give rise to a complex valued .AAC ----- ~.R -'~ iAt and 
X" 4: 0. The function X(AAC) depends on the sam- 
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Fig. 4. Square of the real penetration depth ,~R normalized by the 
characteristic length (R6)I/2 as a function of DC field HDC, ob- 
tained from X'()tR) in the linear regime. The straight lines are 
least squares fits used to determine the field-independent Labusch 
parameter au  (see text). The inset shows the temperature depen- 
dence of a L. 

pie geometry. Brandt [ 18] showed that for a disk 
of radius R and thickness 6 in a transverse AC field 

N 
X + 1 ,~ ~ ,  [c, ~(an + ~o)], where ~ = R8/27ra2AC 
and the constants A, and c, are real. The sum arises 
from the discretization involved in the numerical pro- 
cedure, and an accurate approximation can already be 
obtained [ 18] with N = 20. 

When At /AR = e << 1, to first order in e we obtain 

N 
c. 

X I + ix"  ~ - 1 + A, + ~PR 
n=l 

Cn 
+i ~oR ( An + (OR) 2 e, (1) 

where ~oR = R6 /2~A2R is real. If  we call g(~oR) the 
expression between brackets in Eq. (1),  numerical 
evaluation shows that 0 < g(q~R) _< 0.46, thus X" = 
g(~oR)e << 1 as we observe. In this approximation X ~ 
depends only on ~OR and Eq. (1) can be numerically 
inverted to obtain AR (X' ) .  The result of this procedure 
is shown in Fig. 4, where A2R/R6 is plotted as a func- 
tion of HDC for various T. The approximate values of 
AR are shown in the right axis. In all cases a small 
enough hgc was used to ensure a linear response. 

In the e << 1 limit we expect A2(T ,B)  = 
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A2(T) + A2(T,B) ,  where ,~L(T) and ,~c(T,B) = 
(BqSo/47raL) 1/2 are the London and Campbell pen- 
etration depths, respectively [12,13]. The Labusch 
parameter aL measures the restoring force of the pin- 
ning well [20] taken as parabolic for small vortex 
displacements. We find that A~ oc HDC ~ B as shown 
by the straight lines in Fig. 4, indicating that our data 
are well described by a Campbell regime [ 8,20] with 
a field-independent aL. The temperature dependence 
of aL(T)  is shown in the inset. This is one of the main 
results of this work. A field-independent aL strongly 
suggests that vortices are individually pinned. Indeed, 
when vortices are collectively pinned the effective pin- 
ning potential is related to the volume of the bundles 
and thus aL depends on vortex density [ 12,13,15]. 

It is useful to analyze this result within the frame- 
work of existing models for pinning by columnar de- 
fects. For T --+ 0 the theory predicts that the accom- 
modation field B*(T)  ~ B~ [2,3]. As T increases 
and approaches a characteristic defect-density inde- 
pendent "depinning temperature" T*, the "entropic ef- 
fect" drastically reduces the effective pinning energy 
and B* decreases sharply. Both theoretical expecta- 
tions have been recently confirmed experimentally in 
YBa2Cu307 single crystals irradiated with 1 GeV Au 
ions [5 ]. The depinning temperature was found to be 
rather low, T* ,~ 40 K, indicating that pinning effi- 
ciency is significantly less than unity (the theoreti- 
cal estimate for optimum pinning gives T* ~ 0.8Tc). 
Interestingly, we found an almost identical value of 
T* for our crystals, which are irradiated with a much 
lower ion energy [22]. 

For T > T* pinned vortices start to wander away 
from their pinning centers. The transverse localization 
length, determined by the mean amplitude of the ther- 
mal fluctuations, grows exponentially [3] with T and 
becomes equal to the average distance between defects 
at a new characteristic temperature Tl > T*. Above 
this defect-density dependent temperature each vor- 
tex is collectively pinned by several defects. Using the 
relations developed in Ref. [3] and the experimental 
result T* ~ 40 K, we estimate Tl ~ 85 K. The large 
difference between Ti and T* in our case is due to the 
long average distance between defects determined by 
the low irradiation dose. For T* < T < Tl the accom- 
modation field B* (T) is predicted to exhibit an expo- 
nentially decreasing tail, crossing over to a ~ T - 6  de- 
pendence for T > Ti. Following the estimates of Blat- 

ter et al. [ 3 ] we find that the expectation for B* (T) in 
our temperature range is of the order of a few G, thus 
most of our data should be in the collective pinning 
regime. This appears to be in disagreement with our 
observation of a field-independent Labusch parameter 
up to fields above 700 Oe. We do not have an expla- 
nation for such discrepancy. We note, however, that 
no experimental determination of B* (T) in the high- 
temperature limit is available, and many aspects of the 
above theoretical expectations are still untested. A fi- 
nal comment on this respect is that the critical current 
density in the high temperature collective regime is 
predicted [ 3 ] to grow as B I/4. If  eel follows the same 
behavior then the field dependence may be very small. 
Clearly, this issue requires further analysis. 

If  vortices are individually pinned, and considering 
that our data is in the regime T > Tn, then aL(T)  char- 
acterizes the elementary interaction between one vor- 
tex and several columnar defects in the limit of very 
large localization length. At these high temperatures 
the pinning potential is expected to be shallow due to 
the large influence of the thermal fluctuations, with an 
effective radius of the order of the superconducting 
coherence length (ab(T). If  we consider, as an esti- 
mate [3], that the potential energy per unit length of 
a vortex segment at a distance R from the center of 
a track is e (R ,T )  = e r ( T ) / [ R 2 / 2 ( 2 +  1], then the 
Labusch parameter aL (T) = er ( T ) / ( 2 ( T )  is a direct 
measure of the pinning energy per unit length er(T).  

6. Dissipation in the linear regime 

The presence of a linear response at low hAC iS ex- 
pected based on general grounds both in liquid and 
glassy phases. Several different regimes can be distin- 
guished depending on the relative importance of the 
various processes determining the vortex motion, as 
discussed by van der Beek in the case of non-correlated 
disorder [ 15 ]. Recent studies indicate that in the pres- 
ence of correlated disorder the situation is qualitatively 
similar [ 17], but up to now these predictions have 
not been contrasted with the experiment. Dissipation 
processes introduce a phase shift between the driving 
force and the vortex motion, thus producing an imag- 
inary part of '~AC and a non-zero in-phase component 
X". The small X" observed in our measurements indi- 
cates that dissipative forces are much smaller than the 
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Fig. 5. Temperature dependence of the in-phase component X" 
in the linear regime for various frequencies. The inset shows the 
out-of-phase component X ~(T) at the same frequencies. 

pinning force. Each dissipation mechanism produces 
a particular frequency dependence in AAC, that in the 
e << 1 limit becomes manifest mainly in the frequency 
dependence of the in-phase component ,,g" according 
to Eq. (1).  Fig. 5 shows X " ( T )  in the linear regime 
(hAc = 5.5 mOe) for HDC = 730 Oe and f = 30, 
45, and 90 kHz. We are at the limit of our experimen- 
tal resolution and equivalent data at lower f becomes 
unreliable due to the decreasing signal-to-noise ratio. 

Two dissipative mechanisms related to vortex mo- 
tion must be analyzed [ 12,15], namely viscous losses 
and thermal fluctuations (flux creep). If  only the first 
one is considered, then AAC takes the form A~c = 
A~ + A2(I - ioaro) - I ,  where w = 2rrf ,  the char- 
acteristic time ro = r/ /aL and r/ is the viscous drag 
coefficient. In the oaro << 1 limit, this gives At -~ 
! ( a 2 / a ~ ) o a r o  with AR = (a  2 + A2) t12, thus X" "~ 
2 
i ( a c / a ~ ) 2 g ( ~ s ) ( o a r o )  o~ oa. In spite of the noisy 2 
character of data in Fig. 5, it is clear that 2'" is not 
proportional to oa, thus the viscosity is not the main 
contribution to dissipation. This is expected at our 
low frequencies. Indeed, from the experimental oq~ (T) 
and the Bardeen-Stephen result ~7 ( T)  ~ ~boHc2/ C2 pn, 
where Pn ~ 2 × i 05 f~ cm is the normal-state resistivity 
near the transition and He2 = ( 1.6 × 10  4 G / K )  (To-T)  
is the upper critical field, we estimate r0(90.7 K) 
3 × 10 -8 s. Thus viscous losses can only account for 
a small fraction of the observed dissipation. 

In contrast to viscosity, flux-creep dissipation has 
different frequency dependences in the liquid and 
glass phases. In the liquid phase activation barriers re- 
lated to plastic distortions Upl remain finite for J ---+ 0 

and a linear resistivity arises from thermally assisted 
flux flow (TAFF). When this contribution dominates 
over viscous losses, i2c  = A 2 + a2 ( l  + i/oar),  
where r -~ roexp(Upt /kT) .  The result At << AR 
implies oar >> 1, i.e. Upl >> kT. Under these con- 
ditions we obtain A/ -~ ½(a2/aR)/oa  -, thus X" ~- 
½(ac/aR)2g(~R)/(oar) ~ oa -1. Once again, it is 
clear from Fig. 5 that this behavior is not observed. 
We must still consider the combination of both mech- 
anisms, that gives [ 12,13] 

a2c = A 2 + A2(-ioaro -4- - -  
1 + i/oar 

) - J .  (2) 

hen oaro << 1 and oar >> 1 we get X 'r _~ 
½g(~R)(oaro + I / w r ) ( A C / A R )  2, thus TAFF ( g "  cx 
l/oa) and viscous losses ( g "  cx oa) should domi- 
nate at low and high frequencies, respectively, and 
the minimum dissipation should occur at a frequency 
oao = (fro)-1~2, where both contribuffons are equal. 
This possibility can also be ruled out. Indeed, even in 
the vicinity of oa0 a three-fold variation in ~o should 
produce a change in X" above our resolution. More- 
over, r0 and particularly r should exhibit a strong 
temperature dependence in the range of Fig. 5. As a 
result, the relative importance of both contributions, 
and thus the frequency dependence of X", should vary 
significantly with temperature, contrary to the exper- 
imental observation. We conclude that neither TAFF 
nor viscosity are the main sources of the observed 
dissipation. 

We now analyze flux-creep dissipation in the Bose 
glass phase. Here activation barriers diverge for J --+ 
0 and TAFF is absent [2,3]. For finite current density 
J, pinned vortex configurations are characterized by 
a broad distribution of activation energies. Koshelev 
and Vinokur [ 14] proposed that for small J, when the 
jump rate is small, flux creep will influence the AC re- 
sponse primarily via jumps of vortex bundles between 
two nearby metastable states of similar energy. Al- 
though they focused on systems with non-correlated 
disorder, only the glassy character was taken into ac- 
count in the analysis, thus an analogous mechanism 
should occur in systems with columnar defects. These 
"two-level systems" (TLS) give rise [ 14,15] to a lin- 
ear response with average vortex displacement (u) 
(~O/C)  Atl ) J ,  w i t h  
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nd ( V 2r2 I 
Atl = 4 - ~  (1 4- iwrtl) cosh2(a/kT) ' 

(3) 

where V, r, zl and rtl are the volume, distance between 
states, energy difference between the two levels and 
characteristic jump time respectively, ntl is the density 
of TLS and (. • .) means average over the TLS. We can 
calculate the penetration depth in this regime, 

A2AC = 4 2 4- h2( [  4- ceLAtl). (4) 

In the limit of small dissipation 

A# ~ ½(AZ/AR)aL Im{Ati} 

and the main effect on X" will arise from TLS with 
A < kT and wrti ~ 1. Due to the broad distribution of 
rtl values, for any o~ there will be approximately the 
same density of "tuned" TLS, then 2'" will be almost 
frequency independent [ 14,15], as we observe. In a 
Bose glass at low vortex density, TLS should primar- 
ily consist of vortex segments of length L jumping be- 
tween nearby columnar defects via double-kink struc- 
tures, thus Im{At,} ,-~ (n~/akT)(L2r 2) ~ LdZo/4kT, 
where the last approximation assumes a linear density 
of active systems n~ ~ 1/L and a separation between 
states of the order of the defect distance do ~, 800 ]k. 
Then 2"" ~- l g ( q ~ R ) ( h c / a R ) 2 O e L ( L d 2 / 4 k T ) a n d  us- 
ing the experimental values of X" and ffL we can es- 
timate L ~ 3500 /~ at 90.7 K. We conclude that a 
distribution of TLS in the Bose glass phase may ac- 
count for the small and almost frequency-independent 
dissipation found in our studies. 

In the Bose glass phase viscous losses are still 
present. By writing a combination analogous to Eq. 
(2) it can be seen that it should produce a contribution 
linear in w, but the absence of oJ dependence as well 
as the above numerical estimates indicate that viscous 
losses can be disregarded to first approximation. TLS 
also give a contribution to the real component of the 
AC penetration, that is hard to distinguish from Ac 
due to the lack of m dependence (see inset of Fig. 
5). However, an estimate similar to the one above 
indicates that in our case CeLRe{Atl} << 1 and the 
screening component is still nearly AR = ( a ~ + a  2) 1/2. 
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7. The onset of nonlinearity 

To obtain additional information about the nature 
of the pinning centers, we analyze the onset of non- 
linear response, clearly visible in Fig. 2 as a crossover 
from amplitude-independent to amplitude-dependent 
behavior as hAc increases. As the dynamics is dom- 
inated by the restoring force of the pinning poten- 
tial, the displacement of a vortex located at a distance 
p from the center of the sample, u(p), is in phase 
with the local current density j (p) .  The vortex motion 
equation takes the simple form 

(1/c)4,0 j (p)  ~ aLU(p). (5) 

This linear response breaks down when the displace- 
ment u(p ~, R) of the vortices near the edge of the 
disk (those that perform the largest oscillations) ex- 
ceeds a limiting value rt. Following the numerical pro- 
cedure described by Brandt [ 18 ] and using our exper- 
imental values of AR(T, HDC) (obtained from fits as 
those of Fig. 4), we calculate the sheet current J(p) 
in the linear regime. We then obtain the real current 
density in the sample j (p)  = (c /4r r ) (hAc/R)  J(p), 
which is proportional to hAc. Using these results and 
Eq. (5) we can express the hAc at which the nonlin- 
earity first develops as 

h~c (T, HDC) 4rraL R = - - r l ,  (6) 
4,0 J(R) 

where the only unknown is rt. We can now compare 
this result with the experimental data. The crosses in 
Fig. 2 are the calculated values of h~,c(T) for Ht)c = 
730 Oe, using rt = 25 .~ as a fitting parameter. We 
see that the trend of h~c(T) predicted by the very 
simple relation (6) coincides reasonably well with the 
experimental behavior. 

The physical meaning of rt is not obvious. A non- 
linear response will develop as soon as the amplitude 
of vortex oscillations are large enough to invalidate 
either the harmonic approximation of the pinning po- 
tential or the linearity of the random thermal force. We 
note that rt approximately coincides with the radius 
[1] of columnar defects (35-40 ~ ) ,  and it is clearly 
smaller than the total effective radius ~ scaa(T) of the 
pinning potential ( ~  130 ~ at T = 90.7 K). One con- 
sequence of this fact is that the current density associ- 
ated with the onset of nonlinear AC response is much 
smaller than the critical current density. 



172 G. Pasquini et al./Physica C 274 (1997) 165-172 

8. Conclusions References 

The AC susceptibil i ty of  YBa2Cu307 crystals with 
columnar defects was studied, at low DC fields and 
high temperatures. We found a linear regime at low 
hAc that can be satisfactorily described using exist- 
ing models  for the response of  pinned vortices. The 
linear screening component  X I is dominated by a 
Campbell  penetration depth with a frequency and 
field-independent Labusch parameter, suggesting that 
vortices are individually pinned even at these high 
temperatures. The Campbell  regime extends to higher 
hnc as T decreases (see Fig. 2) ,  consistently with the 
expectation as the pinning energy increases. Dissipa- 
tion in this regime is very small, indicating that vortex 
motion is mainly control led by the pinning force pro- 
duced by the columnar defects. As the applied field 
is ti l ted away from the tracks, the pinning energy de- 
creases and the ratio of  dissipative to pinning forces 
grows, thus producing an increase in X t~ as seen in 
Fig. 3. The identification of  the origin of  this small 
dissipation, associated to the motion of  pinned vor- 
tices for current densities below the critical, has a sig- 
nificant technological  interest as it determines the AC 
losses in high-Tc wires and tapes. Two-level systems 
appear to be the most l ikely source of  dissipation, 
although measurements in a broader frequency range 
are clearly necessary to clarify this point. 
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