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ABSTRACT

Irradiation of high-Tc superconducting crystals with low doses (1010 — 10" ions/

cm2) of GeV heavy ions produces a unique microstructure consisting of discrete

amorphous columns which are only a few nm in diameter but tens of microns long. It

has been found recently that this columnar microstructure causes larger increases in

magnetization and critical current at high temperature and high magnetic field than

other types of defects in these materials. This can be understood as a consequence of

the effective pinning of magnetic vortex lines provided by the columnar defects.

Measurements confirm that the pinning is strongest when the magnetic field is

aligned with the ion tracks. Differences in the pinning in different materials can be

related to differences in their anisotropy, which affects the structure of the vortices

and their pinning at columnar defects.
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INTRODUCTION

It has been found that the columnar damage produced by GeV heavy ion

irradiation of high-Tc superconductors (HTSC) has a unique offect on their supercon-

ducting properties, particularly to those controlled by pinning of magnetic vortex

lines in the superconducting state [1-10] The morphology of the GeV ion damage,

which consists of a random array of (sometimes discontinuous) columns of amor-

phous material a few nm in diameter and tens of pm long [3, 7, 8, 11, 12], is

close to the conceptually ideal pinning microstructure — one which provides a non-

superconducting path for each of the magnetic flux lines penetrating the supercon-

ductor, and thus locks them into position and avoids the dissipation accompanying

flux line motion. Motion of the flux lines is an important limitation on the properties

and applications of HTSC close to Tc. It is of great interest to determine how closely

the real microstructure produced by GeV irradiation resembles the ideal, and to

understand the resulting flux line pinning and its effect on the macroscopic properties

of the superconductor. In this paper we will review our recent work on this topic.

EXPERIMENTAL DETAILS

A variety of samples have been irradiated in the course of this work, but the

most significant data has been obtained from single crystals of YBa2Cu307, prepared

by a flux growth method [13], and of Bi2Sr2CaiCu2O8 [9]. The crystals were in the

form of platelets with dimensions of order 1X1X0.02 mm, and with their c-axis per-

pendicular to the platelet Typically, crystals were cemented onto small disks of

either sapphire or silicon, which were the supports for prior and subsequent magnetic
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measurements, and which in turn were fixed to small aluminum plates for mounting

on the sample changer mechanism in the irradiation chamber. Some crystals were

mounted directly on the plates. The irradiations were done at room temperature,

either with 0.58 GeV ll6Sn30+ ions at the Holifield facility at Oak Ridge National

Laboratory, which is a folded tandem, or with 1.08 GeV '"Au23* ions at the TASCC

(Tandem Accelerator Superconducting Cyclotron) facility at the Chalk River Labora-

tories of AECL Research (Canada), which is a tandem boosted by a superconducting

cyclotron.

The experimental arrangement for the irradiations is shown schematically in

Figure 1. The ion beam was broadened to a diameter of about 20 mm, either by

defocussing or by an upstream scattering foil, and passed through a 10 mm dia. aper-

ture into the monitor Faraday cup, which was used for dosimctry during the

irradiation. The beam that was not intercepted by the cup passed through a 3.5 mm

diameter aperture and irradiated the sample holder. Telescopes were used to view

the sample to ensure that it was centered in the irradiated spot The monitor cup was

calibrated at intervals throughout each run using a well-shielded Faraday cup with a

large (25 mm dia.) entrance aperture. The main source of error in determining die

dose comes from variations in the intensity of the beam across the 3.5 mm aperture.

In an attempt to ensure that the beam was uniform on this scale, the beam spot was

viewed at intervals during each run with a fluorescent screen. Typical doses were of

order 5 X 1010 ions/cm2. The dose rate was less than 10s ions/cm2»s at the Holifield,

and less than 8 X 10* ions/cm2«s at Chalk River. The latter corresponds to a current

striking the sample of 12 particle picoamps, i.e. to a deposited power of 12 mW,
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which is too low to cause appreciable heating of the samples. The samples could be

tilted with respect to the beam; a minimum tilt angle of 2° was used in an attempt to

minimize any effects of channeling.

Characterization of the superconducting properties of the samples included

measurements of static magnetization, ac measurements of the irreversibility line

[14], and flux creep measurements [6]. Transport measurements were made on a few

samples [10]. Microstructural characterization was done by TEM [11, 12]. By using

a special electropolishing technique [IS] the depths at which the TEM images were

made could be determined, and thus information about the depth-dependence of the

microstructure could be obtained.

RESULTS AND DISCUSSION

Ion tracks

TEM images of the ion tracks produced in YBa2Cu3O7 by the 0.S8 GeV Sn and

1.0 GeV Au irradiations are compared in Figure 3 . The depth to which the sample

was thinned for microscopy was 9 [im for the 0.58 GeV Sn irradiated crystal and 14

fjim for the 1.0 GeV Au irradiated crystal. Detailed TEM results are given elsewhere

[3, 11, 12] . Most of the Sn ion tracks are discontinuous, consisting of a string of

amorphous "beads" [11] whose size is of order 5 nm, while others appear continuous

but with varying diameter. The proportion of continuous tracks is higher at 9 {Am

depth than at 19 [Jm. The Au tracks are continuous and their diameter, which again



varies along the track and is between 8 and 10 nm, is larger than in the Sn case. The

track densities are within 20% of the nominal values.

The angular distribution of the tracks of the Sn ions was studied in [11]. The

angular distribution is due to multiple scattering of the projectiles as they pass

through the crystal. The most probable radial angle is in the range 1° to 2°, as calcu-

lated by TRIM [16, 17] for the ions and depths studied by TEM. The mean deviation

increases with depth and is larger for Au than for Sn ions. However, measurements

of the angular distributions [11] show that the angular distribution for the Sn ions at

a depth of 19 fim is somewhat more heavily weighted towards large angles than the

TRIM calculations would predict

The TEM results are consistent with other studies [2, 8, 18] . These concluded

that the tracks are produced by the very high electronic stopping power of the

projectiles, which causes permanent damage if die rate of energy loss is above a

certain threshold. The mechanism of enhanced damage production in superconductors

due to electronic energy loss ("enhanced" because the normal damage production due

to elastic collisions still operates, although for the doses considered here the damage

produced in this way is negligible) is still under investigation. The phenomenon is

similar to fission fragment damage in insulators, the mechanisms of which were

reviewed by Chadderton and Torrens [19]. Track production is electrical conductors

is a relatively recent discovery [18, 20] and requires a much larger rate of energy

loss than in insulators. As shown in Figure 2, at a depth of 9 pm the 0.58 GeV Sn

ions are near the peak of their electronic stopping, which TRIM calculates to be 28

keV/nm, while the energy loss rate of the Au ions is 40 keV/nm. Both these values
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are greater than the earliest estimate of 20 keV/nm [21] of the threshold for enhanced

damage, which was derived from measurements of changes in the normal state

resistivity of YBa2Cu3O7. Subsequent TEM observations of tracks in YBa2Cu3()7 and

Bi2Sr2CaiCu20$ (Table 1) indicate that the threshold for production of continuous

tracks is between 28 and 35 kev/nm in YBa2Cu3O7. On the other hand, the threshold

for accelerated reduction in T c is only 10 keV/nm [22]. Thus the threshold appears

to increase with damage density required to produce the effect under study. The data

in Table 1, and previous work in magnetic insulators [23], show that the threshold for

continuous track production is fairly broad. The data in refs. [3, 1 l]shows that even

at a stopping power of 18.8 keV/nm, i.e. 0.58 GeV ions at a depth of 19 fim in

YBa2Cu3O7, recognizable tracks are produced. Thus even in the case of this ion we

expect tracks to penetrate most of the way through the 20 (im thick YBa2Cu3O? crys-

tals used for the magnetization studies. The energy loss rate of 1 GeV Au ions in

YBa2Cu3O7 exceeds 19 keV/nm down to a depth of 27 jtfm, making these ions suit-

able for studies of somewhat thicker crystals.

Magnetization

The columns of damage produced in the wake of GeV heavy ions have been

found to pin magnetic vortex lines, and the enhanced pinning causes the

magnetization of a superconducting sample in an applied field to be increased. Track-

enhanced pinning was first observed in polycrystalline ceramics [1, 2] and was sub-

sequently studied in single crystals of YBa2Cu3O7 [3, 4, 6, 10, 24] and

Bi2Sr2Ca,Cu208 [5, 7-9].
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The large increase in magnetization, and hence 5c, caused by GeV ion tracks is

illustrated in Figure 4 , which shows magnetization loops for a crystal of YBa2Cu3<I>7

measured before and after irradiation with 0.58 GeV Sn ions at 2° to die c-axis. The

ion dose is given in terms of the quantity £« as 5 tesla. This measure is the product

of the ion dose <f> and the magnetic flux quantum 4>0 (2.07 X 10~ls weber):

(1)

It is the dose at which the track density, which equals the ion fluence since each ion

produces a track, equals the given field. Thus, a dose £« of 5 T equates to 2.4 X 10"

ions/cm2. Figure 4 shows that this irradiation produces a large increase in the

magnetization. More extensive magnetization data has been reported previously

[3, 24].

The pinning force on a c -aligned magnetic vortex line that passes through a

defect is FP « Ur/^ab , where Up is the depth of the pinning potential well and £«* is

the superconducting coherence length in the Cu-0 planes of the HTSC structure. If a

length / of a vortex line is pinned at a defect then UP (i.e. the energy gain) is simply

proportional to the volume of vortex line that lies within the non-superconducting

defect:

£/p = <-g£-)TT&/, (2)
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where (//&/87T) is the condensation energy per unit volume, and TT%lb is the cross

sectional area of the vortex line. If the pinned length / is large, the pinning force

should be large. For heavy ion tracks, / is 10 /im or more and the pinning should be

maximized. In YBaaCujQ? at high temperatures the pinning by columnar defects is

indeed found to be stronger than that from random defects, especially in high mag-

netic fields and at high temperatures [3]. However, the critical current at low temper-

ature is no larger than it is for random defects produced by proton irradiation,

because vortex-vortex interactions are strong and only a few pinning points are

needed to make the vortices immobile. Flux creep measurements [6] confirm that the

pinning potential of columnar defects is larger than that of proton-induced damage at

high temperature. Thus the enhancement of the critical current by the linear defects is

greatest in the regime of high fields and temperatures that is of interest for many

technological applications.

Critical currents

The critical current 5c of a superconductor is the current density at which the

vxB force on a vortex line is exactly balanced by the pinning force. Hence Jc «: Fp.

Experimentally, Jc can be derived from measurements of the magnetic hysteresis

loops described in the last section. The magnetization in these measurements is line-

arly proportional to the critical current Jc, with a constant of proportionality

depending only on the crystal dimensions [25].

Values of Jc for YBaaCujCh crystals irradiated with GeV heavy ions to different

doses are shown in Figure 5. Results for 3 MeV proton irradiation are shown for
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comparison. Clearly both the track forming ions and the protons produce large

increases in Jc, but in the case of the heavy ions the increase is extended to higher

field at high temperature.

Irreversibility line

The ultimate limit to the application of High-Tc superconductors at high mag-

netic fields and temperatures is not the upper critical field, Ha, of conventional

superconductors but a more restrictive limit at which thermal activation allows flux

lines to begin to move freely. Flux line movement produces a non-zero electrical

resistance and zero magnetization in an applied field. However for fields and temper-

atures below the irreversibility line the properties are those expected of a supercon-

ductor. The boundary in a field-temperature plot at which flux line movement begins

is known as the irreversibility line. It can be thought of as the boundary between

different phases of the flux lattice which are characterized by different degrees of

order and mobility. The higher temperature phase, in which flux lines are mobile, is

termed a flux liquid. The physics of the irreversibility line, and in particular the

nature of the low temperature phase, in which flux lines are immobile, is still contro-

versial.

The observation [26] that the irreversibility line did not move after proton

irradiation, even though the number of flux line pinning centers, and thus Jc, was

greatly increased, could be easily explained if the irreversibility line corresponds to

melting of the low-temperature flux line phase. However, the results were also con-

sistent with a model in which the transition is due to thermally-activated depinning
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from defects of atomic size. In this picture, the fact that the irreversibility line did not

move could be interpreted if the pinning potential of the irradiation-produced defects

was similar to that of pre-existing defects. Flux creep measurements of the pinning

potential showed that they were indeed similar [26].

The later discovery [3, 4] that columnar damage caused by GeV heavy ions did

move the irreversibility line tends to favor the depinning model. These results also

support the geometrical argument outlined above which concludes that columnar

defects should produce strong pinning. The movement of the irreversibility line has

interesting implications for both the theory and applications of high-Tc superconduc-

tors. For example, it has been suggested that in the presence of columnar defects the

flux line lattice at low temperatures forms a new phase, as "Bose glass"[27]. A large

shift in the irreversibility line also occurs in Bi2Sr2CaiCu2Oi after irradiation with

GeV heavy ions [9], though in this case random neutron damage [28] has a similar

though perhaps smaller effect. The difference between YBa2Cu3O7 and

Bi2Sr2CaiCu2Og is considered further in a later section.

Transport measurements on single crystals of YBa2Cu3O7 irradiated with 1 GeV

Au ions and with 3 MeV protons [10] indicate that the irreversibility line in

moderately-disordered crystals is actually split into two transitions: an upper one

between two phases with non-zero resistance, and a lower one in which the sample's

resistance falls to zero. The highest temperature phase is suggested to be the flux

liquid, and that at lowest temperature a vortex glass phase in which the flux lines are

immobile. The phase in between is characterized as a "vortex slush." The upper tran-

sition is identified with melting, and is found to be unaffected by irradiation with 1
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GeV Au ions. The effect of irradiation on the lower transition, and the relationship of

these transitions to the irreversibility line measured by different methods, remains to

be determined.

Alignment effects

The geometrical estimates of individual flux line pinning that have already been

described obviously suggest that the pinning should be strongest when the field lines

are aligned with the ion tracks, for then most of the length of the vortices should lie

in the damage columns. Evidence that this is the correct picture in YBa2Cu3O7 comes

from measurements of the angular dependence of static magnetization and of the ac

irreversibility line. The angular dependence of die dc magnetization is illustrated in

Figure 6, where the magnetization of a crystal irradiated with with 0,58 GeV Sn ions

is plotted as a function of applied field for two orientations of the field: parallel to

the ion tracks (which were oriented at 30° from the c-axis) and at 60° to them. The

magnetization, and hence the critical current ic and the vortex line pinning, is higher

when the field is aligned with the ion tracks. The effect is found to be largest at high

temperature [24].

No alignment effect is observed in crystals when damage is produced by MeV

light ions [29]. An observation of an orientation-dependent enhancement of ic in

epitaxial thin films of YBa2Cu307 irradiated with 173 MeV l»Xe [30] , which was

ascribed to a track alignment effect, may in fact have been due to random damage,

since a similar effect is produced by proton irradiation [31] and the electronic stop-
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ping rate of 173 MeV Xe is only 1.2 keV/nm, far below the threshold for track pro-

duction.

Further evidence for an alignment effect in the flux line pinning in YBa2Cu3C>7

comes from measurement of the angular dependence of the ac irreversibility line

[24]. This data is shown in Figure 7 for a YBa2Cu3O7 crystal irradiated with 0.S8

GeV Sn ions to a dose £« of 3 tesla. The temperature of the irreversibility line is

plotted as a function of angle for an applied dc fie'd of 1 T. The peak at 90° is due

to intrinsic pinning, in which flux lines are trapped between the conducting Cu-O

planes of the the crystal. The additional peak at 30° (the angle of irradiation) is due

to pinning by the ion tracks. The width of the peaks is probably determined by the

angular resolution of die equipment rather than by the angular dependence of the

pinning. This measurement provides a striking illustration of how irradiation has

imposed a man-made anisotropy on the crystal in addition to its intrinsic anisotropy.

Bi2Sr2CaiCu2O8

Differences in the flux pinning by ion tracks in YBzjCuiCh and Bi2Sr2CaiCu20t

show how the intrinsic properties of these materials, in particular the much larger

anisotropy of the 2212 structure, affect their response to columnar damage. Although

as already noted the GeV ion irradiations extend the irreversibility line in Bi-2212

[9], nevertheless the regime of field and temperature in which the properties of these

materials are useful is confined to lower temperature than it is for YBa2Cu3(>7. It

appears that the flux line pinning is weaker in 2212 than in YBa2Cu3O7. This is con-

firmed by measurements of the pinning energies by Gerhauser et al., who have
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argued that the weaker pinning is a consequence of the large anisotropy of the 2212

structure [8]. The conducting planes in 2212 are much further apart than they are in

YBa2Cu3O7, and consequently the coupling between superconducting wave functions

in adjacent planes is weaker. Under these circumstances a vortex "line" can be

regarded as a stack of two-dimensional "pancake" vortices, as suggested by Clem

[32] . Since the vortices are only loosely coupled together the vortex line is weak in

shear and should be easy to "unzip" from a damage column. Easy unzipping leads to

weak pinning, and hence to vortex lines which can meander readily between damage

columns. This should reduce the alignment effect on the magnetization and flux

pinning, and indeed the magnetic anisotropy produced in Bi2Sr2CaiCu2Ot by 0.58

GeV Sn irradiation is weaker than in YBa2CujO7 [9].

CONCLUSIONS

The columnar damage produced in high-Tc superconducting oxides by ions with

electronic stopping rates above a certain threshold is found to pin magnetic vortex

lines strongly. Available evidence indicates that the threshold value of the electronic

stopping for producing continuous tracks is between 28 and 35 kcV/nm. The strong

pinning of flux lines by the columnar damage can be understood if the flux lines lie

in the damage columns for much of their length. Evidence that this is the case comes

from measurements of magnetization and of the temperature of the irreversibility line

as a function of the angle between the ion tracks and the magnetic field.
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Table I

Dependence of track morphology on the rate of electronic energy loss in

and Bi2Sr2CaiCu2O,

Ion

Br

Xe

Sn

Pb

Au

I

Energy
(GeV)

1.4

3.5

0.58

5.3

1.0

0.5

(dE/dx),i (a) Morphology
(kev/nm)

YBa2Cu3O7

11

19

28 (b)

35

38 (b)

27

none

discontinuous

discontinuous

continuous

continuous

rzCatCuaOg

continuous

Rcf.

[33]

[18]

[3, 11]

[2]

[12]

[81

(a) Calculated for the following densities: YBa2Cu307 6.54 g/cm\

Bi2Sr2CaiCu2Os 6.54 g/cmJ

(b) Evaluated at the depth of the TEM investigation
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FIGURES

Figure 1. . Schematic of the experimental arrangement used for GeV ion irradiations.

Figure 2. . Calculated rates of electronic energy loss of GeV heavy ions in

YBa2Cu3O7, as a function of depth. The arrows show the depths at which TEM

samples were extracted.

Figure 3. . TEM observations of track morphology for 0.58 GeV Sn (upper figure)

and 1.0 GeV Au irradiation (lower) of YBa2Cu3O7. The samples were thinned to

depths of 9 fim and 14 (Jm respectively.

Figure 4. . Magnetization loop measured before and after irradiation of a YBa2CujC)7

crystal to a dose B« of 5 T.
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Figure 5. . Critical current ic, determined from magnetization measurements, as a

function of field for several crystals of YBa2Cu307 irradiated with protons and with

0.58 GeV Sn ions to different doses. At high temperature the increase in Jc produced

by the track-forming heavy ions extends to higher field than the increase produced by

proton irradiation.

Figure 6. . The magnetic hysteresis loop for a crystal irradiated with 0.58 GeV Sn

ions at 30° to the c-axis to a dose of 3 T. The measurements were made with two

field alignments: aligned with the tracks and at 60° to them. These results show the

increased flux pinning when the applied field is aligned with the ion tracks.

Figure 7. . The angular dependence of the temperature of the ac irreversibility line in

a sample irradiated with 0.S8 GeV Sn ions to a dose of 3 T at an angle of 30°. The

peaks at 90° and 30° are caused by intrinsic pinning and pinning at the ion tracks,

respectively.
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