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Effect of columnar defects on the elastic behavior of vortices in YBa2Cu307 5 thin films
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A sensitive ac transport technique is used to determine the force displacement response in the elastic
regime of vortices pinned in YBazCu307 q thin films both before and after irradiation with 2.7 GeV U "
ions. The restoring force that pinning defects exert on the vortices, and the elastic limit of displacement
of the vortices before they depin are extracted from these data. The columnar defects which lie parallel
to the c axis are seen both to increase the restoring force on the vortices for B~~c and also to reduce the
elastic limit in this orientation to a value very close to the damage track diameter. Estimates of the pin-

ning energies and correlation volume for collective pinning before and after irradiation are made and
d'iscussed.

Dissipation in the mixed state of high-T, oxide super-
conductors is intimately related to the large anisotropy,
and the large thermal energy relative to the pinning ener-
gy. ' For magnetic fields applied parallel to the c axis,
vortices are unpinned at fields which are significantly
lower than the upper critical field, B,2. This irreversibili-
ty line, B;„(T),has been described by various models in
terms of flux-creep, vortex-glass (melting) transitions, or
Josephson-type descriptions. ' While much interest has
focused on understanding this irreversibility line, rather
less attention has been paid to the mechanisms by which
static and thermal disorder determine J, in the mixed
state below the irreversibility line where the supercon-
ductor is practically useful.

For arbitrary orientation of applied magnetic field, pin-
ning in high-T, materials has mostly been thought of as
resulting from a dense, random array of weak point pin-
ning centers. The small coherence length means that de-
fects on the scale of the unit cell can act to pin vortices.
Planar modulations of the order parameter are very
effective at pinning vortices when these are parallel to the
defects and the driving force is normal to them. In par-
ticular, the superconducting Cu02 bilayers cause "intrin-
sic pinning" for vortices parallel to them trying to move
across the planes due to a normal force. Twin planes
also result in enhanced pinning when JXB is perpendicu-
lar to these planes. " For random orientations of an ap-
plied field, oxygen defects (vacancies) have often been
suggested as the dominant point pinning center.
Griessen et al. have recently suggested that the pinning
in YBaCu30& s (YBCO) films is due to a b, tc rather than
a AT, mechanism and that pinning is attributed to oxy-
gen vacancies. On the other hand, screw and edge dislo-
cations have been shown to be strong line pinning centers
at low to intermediate fields.

Numbers of experiments have now also shown that in-
troduction of random static disorder into high-T, films

and crystals by irradiation with protons, neutrons, light
ions' or heavy ions" results (for sufficiently low doses
that the superconducting volume fraction is not
significantly reduced) in enhancement of the critical
current. The former three projectiles introduce three-
dimensional (3D) pointlike defects, while high-energy
heavy ions result in introduction of amorphous columnar
defects parallel to the projectile direction. " This corre-
lated static disorder significantly enhances J, and also
shifts the irreversibility line to higher fields, ' especially
when the columns are splayed. ' These columnar defects
have been the subject of much interest since they are pre-
dicted' to produce a Bose-glass transition of the vortex
lattice. Most studies of the effects of heavy ion irradia-
tion have involved investigation of the transport or mag-
netization critical current. ' ' Bitter pattern tech-
niques, ' magneto-optical studies' or microstructural
analysis. ' However, the explicit mechanism for the J,
enhancement is not yet fully understood. Clearly the in-
troduction of disorder will introduce additional pinning
sites, and in particular, planar or extended linear defects
are expected to act as the most effective pins. In quasi-
3D systems like YBCO it is important to determine
whether vortices parallel to the c axis are depinned by
shear (of the vortices into shorter segments), or activation
along part or all of their lengths.

In addition to the vortex-defect interaction, dipole-
dipole interaction between the Aux lines results in
"collective-pinning" effects. These were described for a
weak dilute pinning systems by Larkin and Ovchinni-
kov who introduced the concept of a correlation
volume for bundles of vortices. In the presence of
stronger and/or denser pinning, Yamafuji has shown that
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this theory has to be modified to take into account explic-
itly the elastic limit of the displacement do of vortices be-
fore they depin. ' In the layered high-T, systems, the sit-
uation is complex because the effects of anisotropy,
thermal fiuctuations and thermal depinning on the nonlo-
cal elastic behavior of the vortex lattice have to be taken
into account. ' Calculation of the correlation volume in
order to identify regimes of single, small bundle and large
bundle collective pinning are therefore, not straightfor-
ward, but reasonable estimates and have begun to be
made from both Ginzburg-Landau (GL) and London
theory. '" Clearly there is a need for a consistent deter-
mination of these parameters in high-temperature super-
conductors (HTS), but very few estimates exist and these
are mostly indirect. Longitudinal correlation lengths I.,
have been inferred from varying YBCO/PBCO multilay-
er thicknesses, collective-creep analyses of magnetic re-
laxation data, vortex-glass scaling, ' dc transformer
measurements, and some detailed theoretical calcula-
tions. Transverse correlation lengths R, have been eval-
uated from J, data from vibrating reed experiments and
relaxation data using collective-creep analyses.

It is well known that in the limit of small applied ac
forces, vortices oscillate elastically in their pinning envi-
ronments. Force-displacement measurements ' allow
the extraction of parameters in this elastic regime which
are unavailable from dc transport or magnetic measure-
ments. In particular, the restoring force which the vor-
tices feel and the elastic limit of displacement before vor-
tices depin may be extracted. These give valuable infor-
rnation which allows the mean effective gradient, and spa-
tial extent of the pinning defects to be determined. '

Transport force-displacement measurements have been
made to investigate the effect of introduction of columnar
defects and to calculate values for the transverse and lon-
gitudinal correlation lengths for collective pinning.
These are presented and discussed and the results are
compared with various recent studies which have es-
timated single-vortex and collective-pinning parameters
in HTS systems.

A high quality c-axis epitaxial YBCO film was
prepared by dc sputtering. The film preparation and
measurement details are described elsewhere. The film,
thickness t =200 nm, was patterned into lines with
length, l=1 mm and width, m=20 pm. The transport
technique for extraction of the force-displacement curve
involves the usual four-point geometry for measurement
of resistance. However we use an ac current in the ki-
lohertz range (3.3 kHz). The resistive component of the
complex voltage measures dissipation in the sample and
is analogous to a dc I-V curve, while the quadrature com-
ponent is induced by reversible motion of the vortices in
the elastic regime below J, . The force-displacement
curve can then be generated by plotting the (Lorentz)
force FI =BJsin(cot) versus the displacement which is
given by V=E/ =could cos(cot ) where d is the vortex dis-
placement. The voltage is obtained directly using dual
phase lock-in amplifiers and all values presented here are
rms. All measurements are made in the maximum
Lorentz force configuration with B normal to both the
patterned line axis and the current. The sample could be

rotated around this axis using stepper motors with a reso-
lution of 0.1 degrees.

Care was taken to ensure the results were independent
of frequency in this regime and that spurious background
signals induced by inductive coupling in the leads and by
common mode signals were removed to better than 0.1%
using an ac bridge. The force-displacement characteris-
tics of the film in the intermediate-field regime (0—1.5 T)
were measured close to 77 K at t = T/T, =0.86. It is ex-
pected that effects of thermal activation are significant
but not dominant at this temperature (at least at the
lowest fields measured), since kT is about 7 meV and
most estimates of the pinning or activation energies for
YBCO in this regime are of the order of 10 meV. The
different energies measured by various experiments (and
their interrelations) are defined and discussed below.
Further, since we compare the same sample before and
after irradiation at very similar temperatures, we are able
to separate the effect of the columnar defects. The dc
magnetoresistance for B~~c =0—7 T was also measured to
extract the resistive irreversibility line. The zero field dc
J, for the film at 77 K and zero applied field was
1.9X10 A/cm before irradiation.

Irradiation with 2.7 GeV U ions was performed at
the UNILAC heavy ion accelerator in Darmstadt. The
film was irradiated at room temperature with a Aux of
4X10 ionscm s ' perpendicular to the film surface
(parallel to the c axis). The dose, or number of impact
sites per unit area, allows a matching field 8@ to be
defined where the defect spacing equals the vortex spac-
ing, ao=(2/+3)' (40/8)' . This 8+ is chosen to be
close to 400 mT (with an estimated error of 10%%uo). The
range of the ions and the electronic energy loss are calcu-
lated to be 62 pm and 51 keV/nm, respectively, for
YBCO. The range is considerably larger than the film
thickness. Since the energy loss for U ions is close to the
highest value attainable in such experiments and far
above the threshold value for the creation of columnar
defects (about 20 keV/nm), we are sure to have generated
uniform straight columnar defects. Irradiation by U ions
of this energy induces defects with an effective diameter
of 5 —10 nm. ' The mechanism for pinning by such ex-
trinsic defects is thought to be through disorder associat-
ed with this electronic energy loss.

Figure 1 shows the zero-field resistive transitions for
the film before and after irradiation. The insets show an
expanded view of the resistive transition before and after
irradiation and the corresponding irreversibility lines for
B~~c determined using a criterion of 1% of the resistance
at 100 K. The inset showing the resistance as a function
of temperature reveals that the curves cross close to T, .
This indicates that the columnar defects markedly in-
crease the average bulk disorder resulting in a larger p&,
while T, itself is shifted from 89 K to a higher tempera-
ture of 90 K. The other inset shows that the irreversibili-
ty line is significantly shifted towards higher fields by the
columnar damage. Whereas numerous reports have
shown that the irreversibility line may be shifted, the
sizeable shift in T, is somewhat surprising. Since we
measure at the same constant current before and after ir-
radiation, this may be partly due to J, being significantly
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storing force for 8~~ah is evidently unchanged, while for
aI1 fields there is a clear enhancement of the restoring
force on the vortices when they are parallel to the c axis
and the columnar defects. This is in agreement with the
enhancement of J, . The broad maximum in the enhance-
ment is reasonably explained by the resolved component
of the pinning force determined by the relative angle of
the field and the columnar defects, much like the case for
intrinsic pinning. The initial region of the force-
displacement curves seems to suggest less curvature for
B~~c and the irradiation tracks, indicating that the pin-
ning wells are better approximated by a parabolic poten-
tial. This suggests an intriguing means of trying to deter-
mine the change in shape of the pinning potential well
with respect to the crystal axes. However, the signals are
small in this region, and we defer this to future work.

Figure 5 shows the field dependence of do for B~~ab and

B~~c before and after irradiation. The inset shows the an-
gular dependence of do at 0.5 T to indicate how it de-
creases for B~~c after irradiation. Again, the behavior for
8~~ah is unchanged within experimental uncertainty while
for B~~c, the columnar defects result in a decrease of the
elastic limit —an important result. The decrease in do is
clear for all fields, but most pronounced below the match-
ing field, 8+ =400 m T. Figure 6 shows do versus
I /(B '~ ), the field dependence of the vortex spacing. The
linear fits indicate that the do values for B~~c before irra-
diation, and after irradiation above the matching field,
have the same dependence on field as the vortex spacing.

The reduced dependence of do on field below 8+ after
irradiation is expected for strong pinning where the de-
fect density exceeds the vortex density and the hexagonal
symmetry of the Abrikosov lattice is thus significantly
perturbed as observed elsewhere. ' Above B~ (where
each column pins one vortex), additional vortices enter-
ing the sample lie in the undamaged regions and the
behavior returns to a strong-field dependence. However
the columnar defects still act to damp lattice perturba-
tions, decreasing do and increasing the longitudinal
correlation length (see below).

First, we discuss the values for do before irradiation.
The elastic limit for 8~~ah has previously been shown to
be closely related to the interlayer spacing and deter-
mined by intrinsic pinning. The out-of-phase data from
the same report suggests that do is always larger for B~~c.
The absolute value here ranges from 8 nm at 0.25 T to 1

nm at 1.5 T and is more strongly dependent on magnetic
field than for 8~~ah, expected from weaker pinning. It is
widely accepted that pinning of vortices for B~~c in YBCO
is determined by a dense array of small pinning defects of
the same size as the coherence length (oxygen defects,
dislocations, etc.). However, the large value of several
nm we measure here (at 0.25 T) for the elastic limit can-
not easily be reconciled with the size of oxygen vacancies
which are typically of order of 0.2 —0.3 nm (and the
coherence length must represent a lower limit for the
elastic limit in the single-vortex or amorphous regime).
The value of 8 nm for do at 0.25 T is about twice the
coherence length g,b, which we estimate as 3.5 nm at this
temperature. Other measurements of d o on YBCO
powders, polycrystals, crystals, and melt-processed

l
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FIG. 5. The field dependence of the elastic limit at t =0.86.
The crossed squares are for B~~ab both before and after irradia-
tion. The open diamonds and closed triangles are for B~~c before
and after irradiation respectively. The matching field, B+, is in-
dicated by the arrow. The inset shows the angular dependence
of the elastic limit at 0.5 T (which is representative of the data
for B)0.5 T) before (open triangles) and after (closed triangles)
irradiation.
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monoliths find even larger values of between 20 and 100
nm. The large value for do could be caused by the vor-
tices bending between pinning sites within the film thick-
ness. This is rather difficult to reconcile with the dense
array of point pinning sites but in agreement with several
studies ' ' indicating that the longitudinal correlation
length I., is a few tens of nm but smaller than the film
thickness (200 nm). Alternatively, the strain fields associ-
ated with screw dislocations may be involved, being
larger than oxygen defects. However there are probably
too few of these dislocations to account for the large
values of critical current at significant fields and these are
therefore probably not the dominant pinning centers in
our experiment. It is also apparent from Figs. 5 and 6
that the field dependence of do is the same as that of the
vortex spacing as noted above and discussed elsewhere.
This suggests that collective effects are playing an impor-
tant role in determining the bulk pinning force in this re-
gime.

Brandt has calculated the range and strength of pins
collectively interacting with a Aux-line lattice and pre-
dicts this dependence (do ~ ao) for both point and ex-
tended defects. In the former case, the behavior is ex-
pected to saturate for very low inductions where do
should become equal to the radius of the fIux-line core.
We see no such crossover in our data but note both that
the theory does not take into account the effects of
thermal fiuctuations (which will begin to artificially
reduce do as the irreversibility line is approached) and
also that at the lowest fields our experiment looses sensi-
tivity and we may overestimate the low-field data slightly,
thereby missing the expected saturation.

Next we consider the results for displacements after ir-
radiation. The decrease in d o after introduction of
columnar defects implies that after irradiation, vortices
parallel to the c axis are pinned in narrower pinning wells
than before. The elastic limit after irradiation below and
in the vicinity of the matching field approaches a value of
3.4 nm which is very close to the radius of the columnar
tracks, R =2. 5 —5 nm, and the coherence length,

g,b=3.6 nm. The columnar defects introduced after ir-
radiation act to increase the number of strong pins, and a
significant change in the residual resistance ratio (in an
already highly disordered and strongly pinned system)
suggests a large change in the imperfection and pinning
ability of the film. More importantly, the columns ensure
that the active defects are aligned. Thus bending of the
vortices between pins is suppressed, resulting in an
effective enhancement of the stiffness of the vortices, and
the elastic limit drops accordingly.

Finally we consider in more detail possible collective
effects and the correlation lengths perpendicular and
parallel to the field. The transverse correlation length is
given by R, =l66=(c66C p/al B)' Here c66, th. e shear
modulus, which is weakly and anisotropically dispersive,
is given using the London theory, by
c66=(B, /4po)b(1 —b) (1—0.29b), where b =B/B,2.
Assuming B,(0)=1.1 T and B,z(0) =130 T and a BCS
dependence for B„we calculate values for R, at 0.25 T of
27 and 16 nm before and after irradiation, respectively,

and correspondingly 25 and 21 nm at an applied field of
1.5 T. The intervortex spacing, ao=(go/B)'~, at 0.25
and 1.5 T are 90 and 37 nm, respectively. There are two
conclusions to be drawn from this. The correlation ra-
dius decreases after irradiation as expected from the in-
creased pinning. The relative decrease is much larger
below the equivalent field of 400 mT. Further, the calcu-
lated values suggest that the single-vortex regime
(R, & ao) applies for the entire field regime explored here
putting the measurement in the amorphous limit of col-
lective pinning. We estimate a crossover into the small
bundle regime (R, &ao) at a field of about 3 T at this
temperature. Figure 6 suggests that do ~ ao for the entire
range of fields before irradiation and above B+ after irra-
diation despite the suggestion above that we are always in
the amorphous limit. This would suggest that the field
dependence of do below the small bundle regime is deter-
mined by the pinning energy rapidly approaching kT as
the field is increased. Further, the data does not extrapo-
late to the zero of the x axis, thereby supporting a cross-
over to a small bundle regime with an associated change
in slope at a field beyond the range measured here (see
Ref. 24 for a discussion of onset of large bundle effects).
This is in rather good agreement with Ziese and Esquina-
zi who calculate (from the temperature dependence of
J, ) a crossover field from the single vortex to small bun-
dle regime of 1.9 T at 77 K. Griessen et al. also suggest
single-vortex pinning in the intermediate-field regime
below about 2 T at this temperature. Civale et al.
found that a crossover from the single-vortex to the small
bundle regime occurs at 2 T in single crystal YBCO at 40
K which is just below the temperature above which the
single-vortex regime is suppressed by thermal fluctuations
of the vortices. However J,(T) is much lower in YBCO
crystals than films, and their values at 40 K for B =0 are
rather close to those here, so direct comparison between
the two systems at different temperatures in the two ex-
periments may not be inappropriate.

In all of the above discussion, we have ignored the pos-
sible effect of the factors leading to the irreversibility line
on the elastic moduli. It is still by no means clear wheth-
er the measured values for the moduli should vanish
discontinuously at B;„(which is what one might expect
for a true thermodynamic transition) or whether they will
vanish continuously as the length scales for thermal Auc-
tuations of the vortices approach the vortex spacing. In
this latter scenario, one might be tempted to replace B,2
in the reduced induction by B;„. This shifts all of the
behavior to smaller fields and increases the correlation
lengths by a factor very close to 2. This result agrees
better with the strong-field dependence we observe for the
elastic limits of displacement at low fields and we esti-
mate a crossover from the amorphous limit to the small
bundle regime at a field close to 0.5 T in this case. A
really clever experiment is required to determine exactly
how these moduli behave at B;„.

The isotropic prediction for the longitudinal correla-
tion length is mathematically identical to the Campbell
pinning penetration depth. This defines the distance over
which perturbations in the vortex lattice decay and is
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given3'~'5 by 'L, =A, ;„=(Bdo/poJ, )'~ . This number is
always greater than the film thickness for all fields with

B~~c both before and after irradiation. It would suggest
that the vortices move as straight lines in the film.
Clearly the film thickness must impose an upper limit on
the longitudinal length, L, . The value for the thickness
here is close to 200 nm, about four times greater than the
lower limit for L, of 45 nm inferred by Brunner et al.
Collective theory predicts 'L, is given by
(c~No/alB)'~ . In the isotropic limit, c~ is simply
given by 8 /po and 'L, ='L, as expected. However if we
use the anisotropic nonlocal predictions from Ginzburg-
Landau theory then c44 is given by c44
=B (1—b)/(pol 2b~ ) where I is the anisotropy ratio,
m, /m, b ( =30), and ~ is the GL parameter ( =70). If we
use the London prediction, this only changes the results
for 'L, by a factor of about 2 or 3 and does not change
the conclusions. The isotropic prediction gives values for
'L, of 575 nm and 1.33 pm at 0.25 T before and after irra-
diation, respectively, and 344 nm and 1.10 pm for a field
of 1.5 T in those two cases. However the anisotropic pre-
diction suggests that 'L, is only 12 nm before and after
irradiation at 0.25 T and 7.2 and 9.3 nm, respectively, at
1.5 T before and after irradiation.

Yeh has also found a marked decrease, after intro-
duction of columnar defects, in the measured value of L,
from vortex-glass scaling analyses of single-crystal YBCO
data. These rather small values are in disagreement with
the requirement of a value for L, which is of the order of
pm to explain the thickness dependencies found in YBCO
crystals using multiterminal measurements. However
this may be related to the difFerences in disorder between
crystals and films and will be the subject of further inves-
tigation. If the anisotropic predictions are to be believed
then the vortices do not move as straight lines in the film.
These small values for L, can next be compared with the
collective-pinning predictions for the single-vortex limit,
L, (ao/(I'~ ). This gives a value at 1 T and 0 K of 4
nm. We avoid the rather complicated calculation of the
explicit temperature dependence expected for L, but note
(i) that this parameter should diverge at the irreversibility
line and (ii) that we are quite far below this line so we ex-
pect a value larger (but not much larger) than the zero-
temperature value. This is just what we find, and is in
agreement with the discussion of the transverse correla-
tion lengths above.

If one assumes that vortices do not bend significantly
between pinning centers, then the pinning energies may
be evaluated directly from Uz =p(poH, /2) V, =I'&do V,
where p is the reduced fraction of the condensation ener-

gy, I' is the maximum pinning force, BJ„and V, is the
correlation volume, R,L, . For straight Aux lines in the
single-vortex regime V, =aot. We present this assump-
tion with the following justification at this stage; the cal-
culated values for L, above indicate values of about a
tenth of the film thickness. Other reports suggest lower
bounds of a quarter of the film thickness. The validity of
this provisional assumption will be self-consistently
checked below where the measured values for U are
compared with those reported in the literature. When

evaluating U~ we insist that when the calculated R, is
less than the vortex spacing the latter must be used (since
a smaller correlation length than vortex spacing is un-
physical). Further, the film thickness must represent an
upper limit for L, so t also replaces L, where appropri-
ate.

Clearly, the measured forces and displacements are
determined by the difFerence between the pinning energy
and the background thermal energy, kT. Thus the real
pinning energy is given by the sum of the measured ener-
gies and kT at 77 K. We therefore add 6.6 meV to all of
the values for comparison with other measurements.
Thus we obtain values for U in the local c44 case at 0.25
T of 98.6 meV before irradiation and 54.6 meV after irra-
diation. If we use the anisotropic prediction from Ref.
49, then at 0.25 T we find 12.1 meV before irradiation
and 6.7 meV after irradiation. At the highest field of 1.5
T the corresponding values are 9.7 meV before and after
irradiation in the isotropic case and 6.7 meV before and
after irradiation in the anisotropic case. In summary, the
anisotropic theory results in values for U which are gen-
erally about ten times smaller than for the isotropic case.
The reason for the small U values, especially at 1.5 T is
the fast decrease of J,(B) which is "thermally activated"
and results in the irreversibility line at this temperature
lying at a few (7 T) Tesla. This field is slightly larger than
the field at which the pinning energy appears to vanish,
but the discrepancy results from the more sensitive cri-
terion we are able to place on determination of the ir-
reversibility line. It should further be noted that the cal-
culated values of U decrease after irradiation.

The decrease of U after irradiation, despite the
enhanced J, and irreversibility line, is apparently con-
tradictory. It is however allowed by collective-pinning
theory in which U~ =( V, W)' do and J,B =( W/V, )'

where 8'is the pinning strength. U should not be con-
fused with the energy, U(J), for Aux creep. U(J) is the
energy for activation or creep of a vortex or vortex bun-
dle and is what is probed by relaxation measurements.
In the collective-creep or vortex-glass models, the
eff'ective current dependent activation energy (which
determines the irreversibility line) is given by
U(J)=(U, /p)(c»/c66)' [(J,/J)" —1]. Here, J, is the
critical current density which would be measured in the
absence of creep and p is the characteristic exponent
(which is of order unity). In general the prefactor
U, [ =(c» /c66 )' U ] is not equal to U, but in the amor-
phous limit cl& =c66 and U = U, . If we assume that we
induce the same error in J, by the characteristic time
scale of our experiment (a few minutes) before and after
irradiation, then it is apparent that U can increase even if
U decreases, so long as J, increases. Other studies have
shown that there is a weak correlation between the
enhancement in U (determined from Arrhenius plots or
magnetic relaxation) and the enhancement of J, after ir-
radiation. Indeed the activation energies which we cal-
culate from Arrhenius plots, linearly fitting the data
below 0.1% R& are 2.5 and 4.7 eV before and after irra-
diation at 0.1 T and 1.1 and 2.5 eV, respectively, at 1 T,
showing a marked increase both below and above the
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matching field. Due to the well known dependence of the
activation energy on field and temperature in high-
temperature superconductors, care must be taken with
comparison of these absolute values with the pinning en-
ergies or activation energies extracted from other
methods. ' The above values indicate the activation
energy at 0 K which is considerably larger than at 77
K 34

The values for U which we obtain at low fields are in
reasonable agreement with magnetic relaxation data U,
for YBCO films. Magnetic relaxation experiments probe
a similar regime to the elastic technique here. The rather
small number of published values of energies from these
studies in YBCO thin films show values of between 35
and 45 meV at T=70 K in the low field (B=0. 1 —0.3 T)
regime, about 14 meV at 0.2 T at 77 K (Ref. 60) or
about 60—70 meV at 1 T at 77 K. ' Values of U, from
relaxation studies of single crystals after proton irradia-
tion reveal U, =40—80 meV at T=70 K, 8 =2 T, a
slight increase on the 30 meV recorded for unirradiated
crystals. All the above values are intermediate between
the values we calculate in the isotropic and anisotropic
cases. Essentially this means that our assumption that
the vortices move as straight lines is not quite accurate.
However, it also implies that the longitudinal correlation
lengths are almost certainly greater than the anisotropic
estimates. A simple linear interpolation between the
upper bound in the isotropic case, the film thickness (200
nm), and the lower bound provided by the anisotropic
prediction gives a value of about 100 nm at 0.25 T and 77
K, in very good agreement with Brunner, Yeh, and
Eltsev. ~7

The pinning properties of precharacterized YBCO thin
films have been changed by heavy ion irradiation. The

effects of this change on the elastic properties of the vor-
tex lattice were investigated using transport force-
displacement measurements. The elastic limits after irra-
diation indicate explicitly that the columnar tracks con-
trol the pinning. We have extracted, for the first time,
collective-pinning correlation lengths directly from pa-
rameters of the vortices in the elastic regime. The values
which we obtain agree very well with other estimates of
these values. We present evidence that the YBCO films
are in the single-vortex limit at all fields measured and
suggest that a crossover to small bundle pinning occurs
close to 3 T at 77 K. Irradiation increases pinning and
the critical current density and shifts the crossover field
to larger fields. The longitudinal correlation length ap-
pears to be close to 100 nm. The discrepancy between
this number and the larger ones (thickness eff'ects) re-
quired to explain the dc transformer measurements
remains to be resolved. The usefulness of force-
displacement studies are clearly demonstrated by this
treatment of collective effects using the elastic parame-
ters. A detailed description, and comparison with dc
transport measurements and analyses are deferred to a
later paper, since the primary objective of this work was
the investigation of effects of irradiation on the elastic pa-
rameters.
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