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Abstract

The defects induced by high energy heavy ions have been studied by high resolution electron microscopy.
Columnar amorphous defects of 7 nm in diameter have thus been characterized in the case of 6 GeV-Pb ion
irradiation of Y-123, Bi-2212 and T1-2212 superconductors. Because of their diameter close to the coherence
length & and their shape similar to the vortex core they have been demonstrated as the best pinning centers that
can be introduced in HTSC. Drastic changes of the magnetic hysteresis and critical current density are thus
reported. Volume pinning force modifications and strong shifts of the irreversibility line have been studied as a
function of the temperature and the columnar defect density i.e. the ion dose. The magnetic field dependence of
the critical current density has been discussed on the basis of a competition between pinning and vortex

repulsion.

1. Introduction

Magnetic properties studies of high Tc materials have
shown the existence of the irreversibility line (IL)(1) at
the boundary of a broad reversible region in their B-T.
(magnetic field-temperature) phase diagram. In the
reversible region the flux line lattice (FLL) can move
under the action of the Lorentz force and the critical
current density jc vanishes. The origin of this line is still
not well understood and raises the question of FLL
behavior against applied magnetic field, temperature and
pinning. In low T, materials pinning is mainly governed
by crystal lattice defects. The situation is not so clear in
HTSC in which the layered structure results in highly
anisotropic properties and can play a role in FL pinning,
Nevertheless the ability of extended defects to act as
pinning centers should be studied.

The production of defects by irradiation with various
particles like neutrons(2.3) protons(4) and heavy ions(5-8)
is a powerful tool to study the pinning in HTSC. From
this view point. heavy ion irradiation connected with high
resolution electron microscopy (HREM) investigations
can be very useful. Indeed, it offers the possibility to put
clearly in relation some modifications of the IL with a
homogeneous and very well characterized set of defects
(nature. shape. dimensions, density and spatial
distribution).

To explain IL a lot of models have been proposed
which invoke very different phenomena as thermally
activated depinning(9.10) or phase transitions in the
vortex lattice (1.11-13). One of the key points in this
debate is the precise role of the defects. At the beginning,
the diversity of compounds and projectiles used did not
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allow to extract clear conclusions : neutron irradiation of
Bi-2212 crystals led to a strong shift of the IL (14), but,
on the opposite, proton irradiation of Y-123 crystals had
no effect despite a great enhancement of jc (15). More
recently, heavy ion irradiations have considerably
enlightened the situation. Strong shifts of the IL towards
high fields and temperatures were systematically observed
with all the compounds studied (6.8.16-18).Induced
defects are very different from the preexisting ones and
have a much greater pinning ability. This is likely the
reason why these columnar defects have led to
displacements of the IL contrary to defects too similar to
the preexisting ones as, for instance, those created by
protons in Y-123 (15). As a result, heavy ion irradiation
experiments have greatly contributed to demonstrate the
connection between the defects and the IL. Nevertheless,
the exact relations between the structure of defects and the
location of the IL are not yet well known,

Moreover,the values of By ax corresponding to the
field of the maximum of the volume pinning force F
(Fp = jcB) depends also on the induced defect density. The
present work has been more specially devoted to strong
changes of pinning forces and irreversibility line of Bi-
2212 crystals irradiated by 6 GeV-Pb ions.

2. Experimental

2.1. Sample preparation and HREM

Single crystals of Bi-2212 type HTSC were prepared
as previously described(8). The HREM investigations
were carried out using a TOPCON 002B electron
microscope equipped with an objective lens whose
spherical aberration constant is Cs = 0.4 mm. The single
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crystals were smoothly crushed in alcohol and deposited
on a holey carbon coated grid. Microcrystals suitable for
HREM observations were also obtained by cryofracture in
liquid nitrogen and then disperded in n-butanol or alcohol
and collected on copper grids.

2.2 Irradiation procedure

Irradiations were carried out at 300 K. The flux of the
ion beam was limited to 2 x 108 ions cm2s'! in order to
avoid warming effects during irradiation. The Bi-2212
single crystals were irradiated along their smallest
direction i.e. the c-axis, within an angle resolution of
about 5° from it. In all the experiments the ion range was
much larger than the crystal thickness and the defects
induced by heavy ions can be mainly ascribed to
electronic energy loss effects.

2.3. Magnetic measurements

All magnetic measurements prior to and following
heavy ion irradiation were carried out with the DC
magnetic field aligned parallel to the c direction. The field

©

was roughly oriented along the c-axis (+ 5°) but tests of
reproducibility have shown that this uncertainty is not
relevant on experimental results reported here. The
magnetization hysteresis loops, the field cooled (FC) and
zero field cooled (ZFC) magnetizations were recorded with
a Quantum Design 5.5 T SQUID magnetometer.
Hysteresis loops were recorded up to 5 Tesla and down to
zero field. The sample was previously cooled down to the
working temperature in zero field. The FC and ZFC data
were collected after 60 s of waiting time and 3 scans of 2
cm length as in hysteresis loop measurements.
Precautions were taken in a temperature range of about
10-15 K around the irreversibility temperature which was
recorded by steps of 1 K. The irreversibility lines reported
in this paper were achieved by the determination of the
merging point of FC and ZFC curves. In practice, the
criterion that we used to define the "reversible” behaviour
corresponds to a current density j < 10 A/cm2. The
magnetic critical current density jc and the volume
pinning force Fp have been inferred from hysteresis loops
M(B) at fixed temperature.

@

Figure 1 (a)Discontinuous latent track of 5.8 GeV-Xe ions in T1-2212 (side view)
(b) Top view of 5.8 GeV-Xe ions in T1-2212 : the apparent size of the tracks range from 1.5 to 12 nm.

(c) High resolution image (a-b plane) of a 5.3 GeV-Pb ion latent track (¢t = 6. 101! cm'z) aligned parallel to the

ion beam in Y-123 material.

(d) High resolution (a-b plane) top view .(same irradiation conditions as in (c)).
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3. Latent track formation induced by high
energy heavy ions in HTSC materials.

Two nearly independent mechanisms are responsible
for defect production in matter irradiated by swift heavy
ions. The nuclear stopping power Sy = -(dE/dx)p results
from elastic collisions between the projectile ion and the
target nuclei and the electronic stopping power
Se = -(dE/gx)e which results from inelastic collisions
with the target electrons. In all the experiments described
here, Se is more than three orders of magnitude higher
than Sp : Se/Sp > 103. We have shown for the first
time(19) from 3.5 GeV-Xe irradiation of Y-123 ceramics
that Se plays a major role in the defect creation
mechanism provided a threshold value of the energy
deposited by electronic stopping is exceeded. This value
has been estimated from in-situ resistance measurements
close to 8 MeV/um for Y-123 ceramics, single crystals
and thin films. As Se increases, the defect structure
changes from discontinuous extended defects along the ion
path to continuous amorphous cylindrical tracks(19,20)
when Se exceeds a new threshold value close to 20
MeV/um in Y-123. Figure 1(a) shows a side view of
discontinuous latent tracks of 5.8 GeV-Xe ions in TIl-
2212 and figure 1(b) a top view of tracks induced by 5.8
GeV-Xe ions in T1-2212. In this latter case the apparent
size of the tracks varies from 1.5 to 12 nm which shows
that the defect distribution in the target is not
homogenecous.

Figures 1 (c) and 1 (d) show a continuous amorphous
cylindrical track induced by a 5.3 GeV-Pb ion in Y-123
{Se>35 MeV/um). Such amorphous defects have a nearly
constant diameter (7 nm) across the sample. They are
expected to act as very efficient pinning centers as their
diameter is close to the coherence length &yp.

4.Volume pinning force Fp

The origin of the temperature and magnetic field
dependences of the volume pinning forces Fp in high T
superconductor materials is at the present time the subject
of intense activity since it controls the value of the
critical current density jc (Fp = jc B) . The vortex lattice
shear constant Cgg and the pinning centers should play a
fundamental role in the control of the pinning force (21),
but this remains still obscure (22). In classical type 11
superconductors, there is a scaling law for the pinning
force:

Fp (T.B) = Fpmax(T) f(b) (1)

where b = B/Bmy,. with By = B2 being the upper critical
field. The function f is not temperature dependent and
presents a maximum (23). In high T¢ superconductors. it
has been shown that B¢2 should be replaced by the
irreversibility field By = Bjrr where the critical current

vanishes (24). This indicates that the same mechanism
controls both the irreversibility line and the pinning force
near this maximum. The interpretation of the shape of the
function f in Y-123 remains controversial since some
authors mainly discussed the role of the lattice rigidity
(25) while others neglected it completely and introduced
mainly the thermally activated flux creep (24). The
creation of a controlled number of defects with a
controlled geometry can be a good test of these theories.

We report here data corresponding to magnetic fields
above the field of complete penetration B*. Since the
samples are thin, the internal magnetic field is close to
the applied field and is quite homogeneous even at low
temperature (B* (6 K) =1000 G). To calculate j¢ from the
hysteresis loops, we have studied AM. the difference
between the two branches of the cycle. Before irradiation.
it should be outlined that AM presents the same
temperature and magnetic field dependences for all the
crystals which have been investigated. Nevertheless, there
is a slight dispersion in the absolute values of AM which
could be related to the difference of dimensions between
the sampies. We have chosen the proportionality factors
(jo = o AM) leading to the same value of j¢ for all the
samples before irradiation, and then , we have used these
same factors to obtain jc after irradiation. In this study.
we were more interested by the field and temperature
dependences of j or its relative variation due to irradiation
than by its absolutes values.

Four different Bi-2212single crystals were irradiated at
fluences of 1010, 5.1010, 1011 and 2.10"! Pb/cm2.They
exhibited T¢'s near 85K and their dimensions were about
(1 x 1 x 0.02) mm3. Before irradiation, the
irreversibility lines of the 4 samples were identical. In the
discussion, we will introduce the dose equivalent field By
which is defined as B¢t = ngt 0o . where ¢¢ is the
elementary flux quantum and ng the track density. In
such a notation, the fluences considered here above
correspond to dose equivalent fields of 0.2. 1,2 and 4 T.
At B = Bgy. there is "one vortex per track”.

In the considered range of fluence, the T is only
slightly altered. For the highest fluence. the T¢ decrease is
less than 10 % and there is not yet any broadening of the
transition.

Before irradiation, all the crystals that we used exhibit
the same behavior of the volume pinning forces. In
agreement with the published results on this material
(26). we observe a scaling law according to formula (1)
with a maximum at a given value of the magnetic field
Bmax. Fp vanishes at a field B0 . the ratio BOmax/
BOj;r being roughly constant and equal to about 1/4. In
the following, the superscript O refers to the sample
before irradiation.

After irradiation, a new maximum appears. On figure
(2), we have shown Fpasa function of B at 15K before
and after irradiation at Bgpt = 0.2 Tesla. Though je is
decreasing over the whole range of magnetic field, there
are¢ two maxima in the pinning force after irradiation.
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Such an observation of a two peak structure in Fp is quite
new, though it was already reported in non irradiated Y-
123 thin films and interpreted by considering two different
types of pinning centers (27).
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Figure 2 Pinning forces at 15K of a Bi-2212 crystal
before irradiation (n.irr.) and after (irr. 100) at By =
0.2T.

Figure 2 demonstrates without any ambiguity that the
new peak is related to the creation of the new columnar
defects. Since the density and the nature of these new
defects are known, it is possible to compare the density of
vortices to the density of defects. As pointed out in
figure 2, there is a good agreement between the position
Bmax of the maximum and the dose equivalent field
Bt = 0.2 Tesla. In the following, Bmax will refer to
the new peak observed in irradiated samples and Bmax to
the maximum which already exists in the non irradiated
samples, since this maximum does not move
significantly with dose.
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Figure 3 The Byt dependence of Bmpax for different
temperatures. The dotted line corresponds to Bmax = Bgt.

In figure 3, we have reported the values of Bmax
corresponding to the field of the maximum of Fp as a
function of Bgyt for different temperatures.At 6K, one
observes that Bmayx is nearly equal to Bpt for Bdt
smaller than 1 Tesla and then deviates for B¢t larger than
2 Tesla. At temperature higher than 6K, the values of

Bmax are systematically smaller than B¢ for the whole
range of Bgy¢ . However, it remains proportional to By
up to 2Tesla. This linear dependence of Bmax is due to
the particular geometrical configuration in which the
vortex lattice is aligned parallel to the columnar defects.
Such a geometry should explain the difference between Pb
ion irradiation and proton irradiation which creates point
defects and does not move Byax (28). Neutrons which
create cascades of atomic displacements move Bpygx but
without any correlation with the number of induced
extended defects (29).

Note also that the value of the ratio Bmax / Bot
decreases as the fluence increases and as the temperature
increases. This can be interpreted by the competition
between the pinning energy and the repulsive energy
between vortices. The ratio between the pinning energy to
the repulsive energy is proportional to In(d/Agp) where
Aab is the London length and d the distance between
vortices. As temperature increases, A} increases and the
depinning is larger. As the fluence increases, the average
distance d between vortices decreases and the depinning
also is larger. Such an effect was already observed in Pb-
Bi superlattices where the pinning is due to the Bi layers.
The equivalent of By is @ / a2 (a is the periodicity of
the superlattice) (30,31). Note also that the distribution of
the tracks is not periodic which can increase the
depinning. At high temperatures, the flux creep effect
must be taken into account in the depinning process (22).

S.Irreversibility line

5.1. The shift of the irreversibility line.

40 T(K) 60 80

Figure 4 The c-axis irreversibility line of Bi-2212 single
crystals before and after irradiation by difterent fluences of
6 GeV-Pb ions :(a): 0 ; (b) :1010cm-2; (¢) :5.101%cm-2;
(d) :10Mcm2; (e) :2.10'lem2,

We have previously reported preliminary results on
the strong shift of the IL of a Bi-2212 crystal irradiated by

6 GeV-Pb ions at a fluence of 2 101! Pb/cm? (8). We
present here a detailed study of the relations between the
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track density and the IL displacement.We have studied the
same crystals and the same fluences as for the pinning
force investigation.

Figure 4 presents the irreversibility lines of the Bi-
2212 single crystals before irradiation and after the 4
different fluences of Pb ions. Firstly, it appears clearly
that the introduction of efficient pinning centers like the
tracks can lead to strong shifts of the IL towards higher
fields and temperatures. This result has already been
discussed (8) and it contributes to demonstrate that
pinning has to be taken into account in models concerned
with the origin of the IL. Moreover, we observe on figure
4 that the amplitude of the shift is strongly related to the
density of defects and that the shape of the line is deeply
modified. These effects were not so clear and systematic
in the previous studies of irradiation effects on the IL.
Concerning the shape modification. a very net change of
regime at a field close to (Bgt/ 2) appears on the
"irradiated" lines (see, for instance, the knee at 5000 G on

the line corresponding to 5.1010 Pb/cm?2).The same
results that in figure 4 are reported in figure 5 in a
semilog plot versus the reduced temperature t=T/T¢

This representation allows to display clearly the whole
field range and also to correct the slight reduction of T
induced by the irradiation. It appears that at least 3 ranges
of temperature have to be distinguished in order to
describe the IL shift :

(1) in a large domain of intermediate temperatures
(about between t = 0.3 and t = 0.6 for the studied range of
fluence), the lines are strongly displaced towards the high
fields. The amplitude of displacement increases with the
track density.

10
B(T) 1
1+
3
0.15-
0.0t } $ } +
0 0.2 0.4 0.6 0.8 1
t=T/Tec

Figure 5 The same data as in figure (4) presented in a
semilog plot versus the reduced temperature t = T/T¢:
2):0: (b):1010cm-2; (¢): 5.101%cm-2; (d): 10ticm-2:
(€):2.101cm2.The dashed line is the 3D-2D transition
proposed by H. Raffy et al.(32).

(2) at lower temperatures, the lines tend to join the
one before irradiation. This behaviour is particularly clear
for the lowest fluence (curve (b) in figures 4 and 5. The
superposition begins at a field as low as the fluence is.

(3) at higher temperatures, all the lines corresponding
to the different fluences tend to coincide far below T¢.

Let us now comment each of these 3 regimes.

5.2. The intermediate temperature range:

We observe that not only the displacement increases
with the defect density but the irreversibility fields of each
“irradiated line" are actually centered around the
corresponding Bt value.Let us now consider a simple
relation : Bjr(T) = Bo¢ without dealing with the more
complex dependence of the lines in this regime. The
existence of such a strong relation between Birr and By
originates from the very peculiar geometric aspect of the
problem : indeed., in our case, the vortices and the defects
form two sets of colinear tubes with nearly the same
diameters (E4H(0) = 40 A (33)).

According to the above relation between Bip(T) and
Bgt . a dissipation occurs as soon as the vortex density
becomes larger than the track one. So, in the simplest
approach, we can consider that the origin of the IL within
this temperature range comes from the necessity of an
individual vortex pinning. The existence of this kind of
matching between the vortices and the random tracks
distribution tends to indicate that the shear modulus
(Cge) is quite weak at those temperatures.This qualitative
Birr(T) = Bgy relation is the major characteristic of the
intermediate temperature range but it cannot be forgotten
that, in fact, (Bir/Bt) decreases as T or Byt increases.

This can be interpreted by a competition between the
pinming energy and the repulsive energy between vortices
as stated above for the ratio Bmax/Bot.

5.3. The low temperature range:

This range corresponds to the part of the lines
superimposed to the one before irradiation. This merging
effect is very net and Bjyy becomes rapidly much higher
than Bq,[ (see curve (b) on figures 4 and 5. Consequently,
one can think that the mechanism at the origin of the IL
within this low-T range is stricktly the same as before
irradiation.

5.4. The high temperature range:
The transition between this regime and the regime of
intermediate temperatures is well defined as shown in

figure 6 for a fluence of 101! Pb/cm? by the appearance
of a crossover between the two regimes. One observes
that the IL within the high-T range can still be described
by an exponential law. We observe that the track density
has no more important role since all the irradiated lines
are nearly superimposed in this high-T range. Therefore,
it appears reasonnable to relate the apparition of this
regime to an intrinsic limit. With a compound as
anisotropic as Bi-2212. the first phenomenon that can be
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considered is the 3D-2D transition of the vortex lattice.
Several studies have been carried out on this subject (34-
39) and the problem is still not clearly resolved.
However, it should be outlined here that there is a
remarkable correlation between our results and the
decoupling line proposed by H. Raffy et al (32). From
magnetoresistive measurements on Bi-2212 thin films,
those authors found evidence of a line in the (B,T) plane
above which giant 2D fluctuations occur. We have
checked that this line also exists in the Bi-2212 crystals
that we used.
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Figure 6 The irreversibility line of the Bi-2212 crystal
irradiated by 101! Pb/cm?2 (B¢t = 2T).The straight lines
are fits exhibiting the exponential dependence of Biyy (t)
within the intermediate and high temperatures ranges.
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Figure 7 BOmax . Bmax and Bjrr as functions of the
temperature for a Bi-2212 crystal before and after
irradiation at B¢y = 0.2 Tesla. We have superimposed in
dotted line the values of B which corresponds to the

irreversibility line before irradiation.

In figure 7 for Bgpy = 0.2 Tesla we have reported on
the same figure the values of B and BOyax obtained
before irradiation. Bjax and BOmax do not present the
same temperature dependence: Bpax which is related to
the columnar defects varies more slowly with the
temperature than BOp 4y since the irradiation induced
defects are more effective for vortex pinning at high
temperatures than the preexisting defects. One can observe
a crossing between Bmax and B%max at about 23K. Birr
presents the temperature dependence of B%max at low
temperature and the temperature dependence of Byax at
high temperature. Between 20K and 30K, there is a cross-
over between the two regimes.

As stated here above, there is a giant effect of the pre-
existing defects at low temperature. In order to analyse
this effect more precisely, we have reported in figure 8 the
critical current density as a function of B-Bgy for different
values of By B-Bepy is proportional to the the difference
between the number of vortices and the number of tracks.
At 6K and 15K, all the curves merge at B > Bt the
value of the critical current before irradiation. In a recent
experiment, Gerhauser et al. (40) have also observed that
the critical current density at 10K at B = Byt is
independent of By after irradiation of Bi-2212 crystals by
0.5 GeV I ions which create the same type of columnar
defects. Our measurements above 15K show that this is
not true at higher temperatures. Moreover, the
independence of the critical current density is valid not
only at B = Bt but also for B > Bt . In a simple
model in which all the vortices are pinned in the tracks,
B - B¢t measures the number of vortices which are not
pinned in the tracks: the "track-unpinned” vortex. The
conclusion of our observation is that the critical current
density is driven by the pinning of the track-unpinned
vortices on the defects which already exist in the crystal
before irradiation.
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Figure 8 The critical current density j¢ as a function of
B-Bgy for different track densities at T =15K
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Figure 9 Schematic drawing of the track-pinned (black) and track-unpinned (white) vortices for a same number of track-

unpinned vortices and a same critical current density:
(a) for small values of Bgy with B>Bgy
(b) for high values of B¢ for B>Bgy .

In figure 9, the situation of the vortex state for B >
Bt has been schematically drawn, assuming a simple
model in which all the tracks are occupied: for small
values of By , the vortices flow around the tracks
without interactions (figure 9a); as By increases, this
remains true though each unpinned vortex is now
surrounded by pinned vortices (figure 9b). This implies
that the shear modulus Cgg of the vortex lattice is small
enough to avoid any elastic interaction between track-
pinned and track-unpinned vortices. Such a model would
explain the systematic shift of Fp observed for example
on figure 2. Indeed if one assumes that j¢(B) = jO(B-
Bgt). one can write that:

Fp (B) = F, (B-Bgy) B/(B-Bg) )

which involves a shift of the maximum and an increase of
Fp™ma* indeed in agreement with the results reported on
figure 2.

7.Conclusion

We have presented an investigation of 6 GeV Pb ion
irradiation effects on the volume pinning forces,on the
irreversibility line and on the critical current density in
Bi-2212 crystals. The main concluding remarks can be
summarized a follows:

i) When all the Pb-ion induced tracks are occupied, the
critical current density is driven by the pinning of the
track-unpinned vortices on the defects which already exist
in the crystal before irradiation. This implies that the

shear modulus Cgg of the vortex lattice is rather small.
This rules out the melting of the vortex lattice as an
explanation of the irreversibility line.

The magnetic field Bypax due to the Pb ion tracks is
close to the dose equivalent field B¢t = ngt ¢o.
suggesting a "matching” effect. It results that the order of
magnitude of Bygax is controlled by the defect density
ngt. The exact value of Bjax should be determined by a
competition between pinning and vortex repulsion.

ii) The location of the IL is strongly dependent upon
the density of the induced columnar defects but three main
ranges of temperature must be distinguished :

(1) at low temperatures (around T<15K), the
irreversibility line does not change with respect to that
obtained before irradiation. In this range, the IL is likely
only driven by the background defects present in the
sample prior to irradiation.

(2) in a wide intermediate range of temperature, the
irreversibility line is dominated by the pinning by the
induced columnar defects. We can observe, in this
intermediate range of temperature, that the IL shift
induced by columnar defects is stronger than those
associated with less extended defects (caused by neutrons
(6.29) or protons (41) for instance).

(3) at high temperatures, a crossover in the FLL
behaviour has been observed. It has been related to a 3D
to 2D transition already reported in the Bi-2212
superconductor (32). Close to T, the 2D behaviour (L
inferior to the distance between the CuO7 sheets) does not
allow the current transport without dissipation. Under this
transition line, in the so-called "3D phase”, efficient
vortex pinning is possible.
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