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This paper reports a study of the nature and systematic variation of radiation damage to cuprate su-

perconductors caused by several-hundred-MeV heavy ions. While irradiation of YBa2Cu307 q with

300-MeV Au + and 276-MeV Ag '+ ions produces columns of amorphous material along the ion trajec-
tories, such defects are only created occasionally during irradiation with 236-MeV Cu' + and not in-

duced with 182-MeV Si"+. A comparative study of the defect formation in Bi2Sr2Ca~Cu30 and

oxygen-reduced and ozone-treated YBazCu307 z, shows that the degree of the radiation damage by the

heavy ions depends on (a) the rate at which ions lose their energy in the target; (b) the crystallographic
orientations with respect to the incident ion beam; (c) thermal conductivity and chemical state (oxygen

concentration for YBa2Cu307 z) of the sample; and (d) the extent of preexisting defects in the crystal. A
theoretical model based on ion-induced localized melting and the eA'ects of anisotropic thermal conduc-

tivity of these materials provides a basis for understanding the size and shape of the amorphous tracks.
Measurements of the superconducting properties of Au +- and Ag '+-irradiated YBa2Cu307 z thin

films show a universal linear scaling between the fractional areal damage versus the superconducting
transition temperature and the normal-state resistivity.

I. INTRODUCTION

Obtaining a high critical current density J, requires
strong pinning of Aux lines in superconducting materials.
To provide such pinning sites for the magnetic Aux, de-
fects have been deliberately and selectively created by ir-
radiation with energetic electrons, y rays, and nucleon
(protons and neutrons) and ct particles since the early
days of type-II superconductors. ' Recently, several
groups have investigated the inAuence of radiation-
induced point defects and small defect aggregates on the
J, of bolk ceramics, single crystals, and thin films of
high-T, cuprates. However, the effectiveness of such
defects in pinning the Aux lines in a temperature range
where thermal fluctuations are important has been disap-
pointing. Intuitively, the short coherence length g and
large fluctuation effects in high-T, cuprates suggest that
linear defects which pin along the entire length of a Aux
line might be more effective. Indeed, the linear tracks of
amorphized material created by heavy ions of several-
hundred-MeV energy have been found to provide strong
Aux pinning in the temperature and field regime where
the effects of point defects are inconsequential. ' In or-
der to help elucidate the relationships between supercon-
ducting properties and the defects produced by heavy-ion
irradiation, we have undertaken a systematic study of the
defects in thin films and bulk samples of YBazCu307
and Bi2Sr2Ca2Cu30„created by irradiation with Au
(300-MeV), Ag ' (276-MeV), Cu' (236-MeV), and
Si' (182-MeV) ions. A preliminary account of this
study can be found in Ref. 15. As described in detail
below the structure of the defects was characterized by
transmission-electron microscopy (TEM) and high-
resolution electron microscopy (HREM), combined with

nanoprobe chemical analyses using energy-dispersive x-
ray spectroscopy (EDX) and electron-energy-loss spec-
troscopy (EELS). These studies clearly show that the
radiation-induced defects consist of severe chemical and
structural local disorder. The degree of damage caused
by the ions varies with the ion energy-deposition rate and
species of ion, varying from Au, Ag, Cu, to Si in the or-
der of decreasing severity. Furthermore, for all these
ions, the density and size of the defects depend strongly
on oxygenation of the sample, orientation of the crystal
with respect to the ion beam, as well as on the presence of
previously existing imperfections in the lattice. These
changes can be attributed largely to differences of the
thermal conductivity of the materials and a thermal spike
model was developed to provide a theoretical framework
for the discussion of the variation of size and shape of the
amorphous tracks under various conditions. The investi-
gation of the effects of the heavy-ion-induced defects on
Aux pinning and critical current density have been re-
ported elsewhere. ' ' However, we report here the sys-
tematic variation of their effect on the normal-state resis-
tivity and critical temperature T, since this has some
bearing on the damage to the matrix outside the area of
the defects which is imaged by TEM.

II. EXPERIMENTAL METHODS

A. Sample preparation

Both thin films and bulk samples were used for the
present studies. Thin films of YBa2Cu307 were deposited
in situ on (100)-cut SrTi03 plates by an off-axis magne-
tron sputtering technique. Standard sintering methods
were employed to produce polycrystalline YBa2Cu307
(Ref. 14) while a high-temperature pressing technique
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was used to produce c-axis aligned textured
Bi2Sr2Ca2Cu30„bulk samples. ' Oxygen-deficient sam-
ples (YBa2Cu306 3) were prepared by quenching the sin-
tered samples from 950'C into liquid nitrogen.

TEM specimens were made by slicing the sintered pel-
lets, ultrasonically cutting out 3-mm disks, mechanically
dimpling them to —10 pm thick, and finally ion-milling
them at 3—4 keV at a 8 —10' tilt angle with a Gatan low-
energy gun. Most of the YBa2Cu307 & TEM samples
were stored in a desiccator for more than six months be-
fore they were used. However, in all cases, the samples
were cleaned and examined before irradiation. Their ox-
ygen substoichiometry 5 was estimated as 6 &0.1. Some
samples were subjected to ozone oxygenation at 200'C
for 2 —5 h. ' Flowing ozone gas was produced by an
ozone generator, consisting of ultraviolet radiation from
a low-pressure mercury lamp in the presence of 1 atm
pressure of oxygen. These prethinned bulk samples and
thin films were subsequently irradiated with heavy ions.

B. Heavy-ion irradiation

Thin crystals, either thin films and ion-thinned TEM
samples, were irradiated by various heavy ions at room
temperature. Ions of Au +, Ag '+, Cu' +, and Si' +

were produced in a Tandem Van de Graaff accelerator at
Brookhaven National Laboratory. The ion beam was in-
cident at 5' off the sample normal to avoid possible chan-
neling. In Table I we list the fiux (as measured with an
annular Faraday cup), the energy, the charge state, and
the range (mean penetration depth) of these ions for
YBa2Cu307 & and Bi2Sr2Ca2Cu30 . Since the thickness
of the samples used here is negligibly small compared to
the range of these ions, the linear energy transfer (LET)
of the projectiles in the stopping medium can be regarded
as constant. This ensures uniform damage tracks along
the thickness of the samples.

C. Electron microscopy and electron-energy-loss
spectroscopy (EELS)

The microstructure of all samples before and after irra-
diation was examined with transmission electron micro-
scopes (JEOL 2000FX and JEOL 2010) operated at 200
keV, using phase- and diffraction-contrast imaging. Oxy-
gen concentration was analyzed by EELS, monitoring the
oxygen K-edge prepeak ( —528 eV). EELS spectra were

acquired using a JEOL 2000FX (La86 source) and a Phil-
lips 400T (field-emission source) electron microscope
equipped with a liquid-nitrogen holder. A Gatan 666
PEELS spectrometer with an attached multichannel
analyzing system was used to collect the EELS spectrum.
The energy resolution of the spectrometer, as determined
by the full width half maximum (FWHM) of the zero-loss
peak, was better than 0.7 eV for an undersaturated elec-
tron beam, but was about 1.5 —2 eV under most experi-
mental conditions. Acquisition time was limited to 6 s to
minimize the possible drift of specimen (mechanical) and
spectrum (electronic), and possible beam damage of the
area during the acquisition period. The technical aspects
of the EELS experiments have been described else-
where. '

D. Measurements of superconducting properties

The effects of the heavy-ion damage on the normal-
state resistivity and the critical temperature of thin films
of YBa2Cu307 & were measured. The thin films were
photolithographically patterned in the form of 1-mm-
long and 100-pm-wide bridges for a four-probe measure-
ment of resistivity and J, . Low-resistivity contacts were
achieved by depositing 200-nm silver pads onto which the
current and voltage leads were attached with indium
solder. Resistivity was measured with a 11.6 Hz excita-
tion current of magnitude low enough to ensure a linear
response and the voltage was measured with a lock-in
amplifier. Current-voltage (I V) charac-teristics were
measured with a pulsed dc technique. The maximum
transport current used in the I-V measurements was lim-
ited to 100 mA.

III. STRUCTURE OF THE DEFECTS INDUCED
BY HEAVY-ION IRRADIATION

A. General morphology
of the induced structural defects

Figure 1 shows typical morphology of a YBa2Cu307
bulk sample irradiated with 300 Me V gold ions.
Diffraction-contrast imaging reveals the presence of mas-
sive disks induced by irradiation when the crystals were
viewed along the direction of incident ion beam [Fig.
1(a)]. Small variations in sharpness at the edge of the
disk images suggests that some of the ion projectiles were

TABLE I. The energy, charge state, and fluence of various ions used in the present study and the es-
timated linear energy transfer and mean penetration depth, calculated using the tables of Ziegler (Ref.
30) for YBa&Cu307 z and Bi2Sr2Ca2Cu30„(denoted by the asterisk).

Ion

Energy (MeV)
Charge
Fluence (ions/cm /s)
Energy loss (keV/nm)

Range (pm)

Au

300
24

5.6X10"
34.8
31.5*
14.1
15.9*

Ag

276
21

5.0X10"
23.8
21.8*
15.7

CU

236
18

4.0X10"
13.4
12.4*
19.2
21.6*

Si

182
13

6.6X 10'
3.8
2.5*

37.5
42.0*
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FIG. 2. Strain contrast surrounding the columnar defects im-

aged using diffraction vectors (a) g =020, (b) g = 110, (c) g =200,
and (d) g= —110. Note the contrast disappears in the direction
perpendicular to the g. (e) Sketches of the strain contrast and
the displacement field due to the columnar defect.

FIG. 1. Typical morphology of the Au +-radiation-induced
defects viewed (a) along the ion track, (b) about 18 away from
the ion track.

weakly scattered after they entered the crystal. When the
crystals were viewed away from the incident ion beam,
the disks appear as rods, a clear indication that the de-
fects are ion trajectories or ion tracks [Fig. 1(b)]. The
rods, running from the top to the bottom of the sample,
give rise to thickness fringes as well as to contrast due to
its intersection with the specimen surface and crystal ma-
trix. Nanodiffraction from the damaged regions with a
probe size less than 2 nm (smaller than the diameter of
the defect) shows that they are amorphous. By tilting the
specimen through 60 and observing the same defects, we
conclude that the ion-induced defects are continuous
columns with severe lattice distortion throughout the
thickness of the specimen.

Careful observations show that, under two-beam con-
ditions, these defects also generate dark images consisting
of lobes of contrast over an area two to three times larger
than the diameter of the ion track. We characterized the
contrast surrounding the defects using the weak-beam
technique under different diffraction conditions. Figure 2
shows the black contrast associated with the columnar
defects imaged by using diffraction vectors g=020 [Fig.
2(a)], g = 110 [Fig. 2(b)], g= 200 [Fig. 2(c)], and g= —110
[Fig. 2(d)] near the [001] axis (parallel to the incident
ions). We found that the lobe contrast disappears only

along the line perpendicular to the diffraction vector, g,
and running across the center of the damaged area. The
main features of the contrast are similar to those ob-
served for spherical precipitates in alloys, ' but it has a
different shape and is much smaller. We attribute the
lobe contrast to radial strainjdisplacement fields sur-
rounding the amorphous columnar defect [Fig. 2(e)]. The
strain and structural disorder of the amorphous region
propagates into the crystal lattice in a direction perpen-
dicular to the ion track.

The strain contrast around the ion tracks can be
modeled quantitatively' by treating the amorphous re-
gion as a misfitting elastic cylinder in an elastic matrix
and calculating the contrast by the method of Ashby and
Brown. For an isolated amorphous track in an infinite
matrix parallel to the c axis, with the assumption that the
matrix is approximately elastically isotropic in the a-b
plane and neglecting the difference in elastic constants be-
tween the amorphous and crystalline regions, linear elas-
ticity theory ' yields a radially symmetric displacement
field u (r) in the matrix around the ion track given by

u(r)=E, s(R ir), (1)

where R is the radius of the amorphous track and

E,~ = [(C„+C,2 )E,t,—+C,3E, ] /2C„,
where the C, - are elastic constants and E,b and E, are the
fractional strains upon amorphization along the a (or b)
and c directions, respectively. Detailed comparison be-
tween the calculated and observed contrast for
YBa2Cu307 crystals yields E,~ —=0.02. '

B. Comparisons of the radiation damage created
by Au, Ag, Cu, and Si ions

In order to investigate the inAuence of the atomic num-
ber of the irradiating ion on the radiation damage, we
studied the structural defects induced in bulk
YBazCu307 & by Au, Ag, Cu, and Si ions, with energies
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FIG. 3. TEM micrographs on Si-irradiated
samples: (a) lattice images of a [001] projec-

'. tion, (b) [100] projection, (c) low-magnification
;" two-beam image, and (d) dislocation loops.
X

and energy deposition rates listed in Table I. For Au and
Ag ions, the irradiation yields a large number of colum-
nar defects that are distributed randomly throughout the
sample (Fig. 1). Nevertheless, each ion does not neces-
sarily give rise to a single amorphous column. We found
that the density of the defects strongly depends on the ion
type and its energy, and the chemical state of the target
material.

Si has the smallest atomic number of the four ions
used. For Si-ion irradiation at 182 MeV, no columnar de-
fect was observed in any samples which we examined, at
least for a fiuence of 6.6X10' ions/cm . Figures 3(a)
and 3(b) show HREM images of the [001] and [010] pro-
jections, respectively, from Si-irradiated YBa2Cu307
(5 & 0. 1). No distinct structural damage running through
the sample thickness was seen. Occasionally, we ob-
served weak strain contrast at and near the specimen sur-
face [Fig. 3(c)], and a high density of dislocation loops,
with diameters ranging from 10 to 20 nm [Fig. 3(d)].
Similar observations were made in samples irradiated by
neutrons and protons. However, it is still not clear
whether these defect features can be attributed to the ir-
radiation, because such defects can sometimes be seen in
as-grown YBazCu307

For Cu irradiation at 236 MeV, amorphous tracks
were only occasionally observed for YBa2Cu307
(5 &0.1) when the ion beam was directed along the a (or
b) direction. The concentration of the damaged regions
varied between samples and also between areas of the
same sample. Figures 4(a) and 4(b) show two areas from
the same sample viewed near the [001] axis of
YBa2Cu30& s (6&0.1). The structural damage is more
severe in Fig. 4(b), where the black dots seen are strain
contrast; however, no amorphous columns were seen by
HREM in either area. Columnar defects were occasion-

ally observed only when the ion beam was directed along
the a (or b) axis.

Since, as discussed above, the observed columnar de-
fect density due to the copper and silicon ions was small
and variable in nature, the relation between the ion dose
and the number of defects per unit area was assessed only
for Au and Ag ions (Fig. 5). The density of the defects
was measured over 100 areas of a fixed size (-0.2 pm )
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FICx. 4. The degree of the radiation damage seen in TEM
caused by Cu ions varies with location in the specimen. (a) and
(b) are views with the electron beam near the [001] axis of two
different regions of a sample of YBa2Cu, O, , (0.1&6&0).
Note, the defects do not exhibit the same type of strain contrast
shown by "regular" columns, as in Fig. 2. In some areas, even
the weak strain contrast seen in (b) cannot be observed. [The
approximately linear features seen in (a) and (b) are twin boun-
daries. ]
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FIG. 5. A comparison of the columnar defect densities ob-
served by TEM in —100 areas of fixed size ( -0.2 pm ) for Au-
and Ag-irradiated samples of YBa2Cu307, (5 & 0. 1).

have a well-defined facet along the a-b plane, counting
the number of a-b planes lost in the amorphous region
gives measurements of very high accuracy (less than a c-
lattice constant, i.e., 1.179 nm). Figure 6 shows the size
(diameter of the amorphous column in units of the c-
lattice parameter) distribution of the defects produced by
Au, Ag, and Cu ions in YBa2Cu307 s (5 (0.1). The
dominant diameter of the defects was 10.6 nm (nine units
of c lattice) for Au-irradiated samples, while 5.9 nm (five
units of c lattice) for Ag-irradiated samples, and 2.36 nm
(two units of c lattice) for Cu-irradiated samples. This
finding clearly shows that irradiation with 300-MeV Au
ions causes more severe lattice damage compared with
276-MeV Ag and 236-MeV Cu ions. It is interesting to
note that while the size distribution of Au- and Ag-
produced defects show a more-or-less Gaussian distribu-
tion, the Cu-induced defects follow an approximate half-
Gaussian distribution since those defects with a size less
than a c-lattice parameter were not counted.
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from TEM micrographs. For Au-ion radiation, the dose
was 3.86X 10' ions/cm, a value that is very close to the
average density we measured ( 3.7 X 10' ions/cm ).
Thus, each Au ion produces a single columnar defect.
However, for the Ag-ion irradiation, the measured densi-
ty of the defects was about 2. 5 X 10' ions/cm, only half
of the original dose of 5 X 10' ions/cm . It appears that
many Ag ions do not produce columnar defects during
the irradiation process. The probability of forming
columnar defects with Ag is thus smaller than for Au.

The size of the columnar defects also depends on the
atomic number and energy of the ions used for irradia-
tion. We examined more than one thousand [100] (or
[010]) ion tracks produced by Au, Ag, and Cu irradia-
tion. Their size was measured on HREM micrographs of
lattice images surrounding the amorphous columns from
regions less than 15 nm thick. Since the columnar defects

C. Dependence of the radiation damage
on the crystallographic orientations

of the incident ions

At low magnification, as shown in Fig. 1, the defects
appear to have a circular symmetry along the ion trajec-
tory in all orientations. However, HREM shows that the
morphology of the defects depends on the direction of the
incident ions with respect to the crystallographic axes of
the material. Figures 7(a) and 7(b) show high-resolution
images of the Au + irradiation-induced defects in bulk
Bi2Sr2Ca2Cu30„viewed along the [100] and the [001]
direction, respectively. The amorphism of the damaged
area is clearly visible. When the ion track is parallel to
the c axis [Fig. 7(b)], the defects appear as circular disks
( —16 nm in diameter). In contrast, when the ion track is
parallel to the a or b axis [Fig. 7(a)], the defects appear
somewhat larger and elliptical, with a size about 18
nmX21 nm. In the latter case, the edge of the amor-
phous region shows well-defined facets in the a-b planes
and, near the short axis of the ellipse, always terminates
sharply at the a-b planes, or more precisely, between the
BiO double layers. At the periphery near the long axis of
the ellipse, the interface between the defect and the crys-
tal matrix is diffuse (extending about two unit cells) and is
similar to the interface observed [Fig. 7(a)] when the de-
fect is formed by an ion beam parallel to the c axis.
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FIG. 6. Size distribution of the defects induced by Au, Ag,
and Cu in nominal YBa2Cu307 q (0. 1 &5 &0). The dominant
size of the defects was 10.6 nm (nine units of c lattice) in diame-
ter for Au-radiated samples, 5.9 nm (five units of c lattice) for
Ag-radiated samples, and 2.36 nm (two units of c lattice) for
Cu-irradiated samples.

jB ' L I I I 'IR

II

J!!!.' I$P .!3J!II !!Nl

FIG. 7. High-resolution images of Au + irradiation-induced
defects in bulk Bi2Sr2Ca2Cu30„recorded in (a) [100], and (b)
[001]projections, respectively.
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The variation of the high-resolution images of the de-
fects in YBa2Cu307 z with respect to the crystallograph-
ic orientation was essentially identical to that seen in
BizSr2CazCu30, i.e., circular cross sections for ions in-
cident along [001] direction, and elliptical for those along
the [100] or [010] direction. However, the size of the de-
fects was smaller by a factor of 0.5 —0.7 than those in
Bi2Sr2Ca2Cu3O„. The orientational dependence of the
shape of the defect was very clearly illustrated for an irra-
diated YBa2Cu307 z (5=0.0) thin film containing a mix-
ture of grains with a and c orientations (Fig. 8), where the
areas denoted A and C have the a (or b) and c axes paral-
lel to the 61m normal, respectively. The difference in
morphology of the defects between [001] and [100] (or
[010]) orientations is clear. We conclude that an ion
beam directed along the a or b axis causes more severe
structural damage than a beam along the c axis. The in-

terpretation of this observation is addressed in Sec. V.
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YBa2Cu307 thin 61m. The defects appear elliptical in shape
when the incident ion is parallel to the [100] {or [010])direction,
but smaller and circular in shape when parallel to the [001]
direction. The areas denoted 2 and C have the a (or b) and c
axes parallel to the film normal, respectively.

We observed that the extent of radiation damage de-
pends on the oxygen stoichiometry of the sample. To elu-
cidate this dependence, we irradiated oxygen-deficient
and fully oxygenated samples. Differences between Ag-
irradiation-induced defects in YBa2Cu307 & are shown in

Fig. 9 for samples with (a) 5=0.7, (b) 5&0. 1, and (c)
5=0.0 (ozone oxygenated). All the micrographs show

441
a.aaaa 8 .!.k'. , 4 )J3444aJ".Ilt, ANL

FIG. 9. Columnar defects induced by Ag-ion radiation
viewed along [100] direction. (a) YBa2Cu, 06 „(b)
YBa&Cu307 q (0 & 6 & 0. 1), and (c) ozone-treated YBa2Cu307 —$

(6=0).

lattice images viewed along the [100] axis. In Figs. 9(b)
and 9(c), the direction of the incident beam was slightly
off from the [100] projection and, therefore, only near the
edge of the specimen (bottom part of the micrographs)
the defects are end-on and appear as white contrast. The
differences in the size and the density of the damage
among the various samples are remarkable. For
YBa2Cu306 3, the average size of the defects is close to
that observed in Au-irradiated YBa2Cu307 s (5 &0. 1),
while for YBa2Cu30~ s (5=0.0) the size is close to that
observed in the Cu-irradiated material. The size distribu-
tion of the defects for these three samples is plotted in
Fig. 10. The sizes were measured by counting the num-
bers of a-b planes across the area. The average diameter
of the amorphous regions for YBa2Cu306 3 was 7.8 nrn,
for YBazCu307 s (5 & 0. 1) it was 5.3 nm, and for
YBa2Cu307 s (5=0.0) it was 3.3 nm. It is important to
note that a small decrease of the oxygen substoichiometry
(5 from 0.1 to 0.0), significantly reduced the radiation
damage.

As shown above (Fig. 4), the probability of formation
of the columnar defects varies from area to area for Cu-
irradiated YBa2Cu307 s (5&0.1). This variability ap-
pears to be due to oxygen inhomogeneity in the as-
prepared TEM specimen from a nominal fully oxygenat-
ed sample. In general, no columnar defect were observed
except when the ion beam was directed along the a-b



6442 ZHU, CAI, BUDHANI, SUENAGA, AND WELCH 48

160—

140—

B 120—
D
Q)

Ci
~ 100—

80—
Q)

60-

40—

20—

07
(03 treated)

O6.9

Ag irrad. YBa3CU207 g
21+.

O6.23

presumably the supposition of an amorphous region and
a crystal lattice, possibly because of an intermittent
amorphization along the ion track. In contrast, in sam-
ples oxygenated with ozone, the damage induced by Cu
irradiation was much less than that in oxygen-deficient
samples. Even when the ion-beam is parallel to the (a or
b) axis, only a low-density strain contrast (appearing as
black dots) was visible [Fig. 11(b)]. This is consistent
with the observations of the effects of Ag-ion irradiation
and suggests that the radiation damage of YBa2Cu307
depends strongly on the oxygen concentration.

E. Dependence of the radiation damage
on the presence of crystal imperfections

0 r )

0 1 2 3 4 5 6 7 8 9 1011
SIze (in unit of c-Iattice parameter)

plane. Defects which appear to consist of columns con-
tinuously amorphisized along the ion track are marked
by arrows in Fig. 11(a). However, the majority of the de-
fects exhibit a lattice-image across the damaged region,

n

FIG. 10. Size distribution of Ag-radiation-induced defects
for the three samples shown in Fig. 9.

We found that preexisting imperfections in the crystal
also play an important role in forming the columnar de-
fects. Such an effect is not clearly visible for Au irradia-
tion because each Au ion always produces a single amor-
phous column, regardless of the target crystal. However,
for a lighter and less energetic ion such as Cu, we demon-
strated that the formation of the amorphous zone is very
sensitive to the characteristics of the crystal, depending
not only on the orientation of the crystal and oxygen con-
centration but also on the presence of imperfections in
the crystal. Shown in Fig. 12 is an example of a (001) lat-
tice image from an area with preexisting planar defects.
In contrast with our observations of preexisting-defect-
free areas of ozone-treated sample irradiated with Cu,
which show no amorphous columnar defects regardless of
the orientation, here we observed a high density of
columnar defects with an average size -2.2 nm. Fur-
thermore, the distribution of these defects is not random.
The radiation-induced defects seen in Fig. 12 are formed
only at the location (marked as B) of stacking faults (ap-
pearing as white lines, viewed here edge-on). In the area
marked 3, there were no stacking faults, and no colum-
nar defects were formed there. Such stacking faults,
characterized as having a plane normal of [001] and a dis-
placement vector of —,

' [301],were sometimes observed in
the as-grown samples and ozone-annealed samples. From
these results, we conclude that structural imperfections in
the as-grown crystal enhance radiation damage, especial-
ly in the case of planar defects such as stacking faults or

FIG. 11. Lattice image of [001] projection observed in
YBa2Cu307 q. (a) Cu ion irradiated without ozone treatment.
The arrows denote defects in which the amorphous column ex-
tends completely through the sample. Other defects can be seen
which show a superposition of amorphous and crystalline re-
gions along the ion track. (b) Cu ion irradiated after ozone
treatment.

FIG. 12. (100) lattice image of an ozone-treated sample of
YBa2Cu307 z (5=—0) irradiated with Cu ions. Note, the colum-
nar defects were only observed at the location of the preexisting
stacking faults.
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grain boundaries when their plane normal is perpendicu-
lar to the incident ion beam.

F. Creation of stacking faults by heavy-ion damage
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FICx. 13. (100) lattice image of YBa2Cu307 z (5 (0.1) irradi-
ated with Ag ions showing stacking faults, viewed edge on,
created by the radiation damage. The stacking faults are seen as
dark wide lines in thick region and white narrow lines in thin
region.

Planar defects associated with the amorphous columns
are frequently observed in Au +- and Ag ' -irradiated
YBazCu307 s (0.05 & 5 & 0.6). These planar defects
were created by the damage, unlike those discussed in the
previous section. They are clearly visible when the elec-
tron beam is parallel to the a bpla-ne (Fig. 13). The ex-
tension of the fault is about 3 —5 times of the radius of the
amorphous column. Similar defects, characterized as in-
trinsic and extrinsic stacking faults with a (001) plane
normal, were observed in quenched YBa2Cu307

Detailed analysis of high-resolution images of the
faults yielded a determination of its character. The dis-
placement vector of the faults is either R= —,'[031] or
R= —,'[032]. Thus, the observed planar defect consists of
two stacking faults bounded by a partia1 dislocation at
each end. Since the motion of such a dislocation does not
give rise to the observed fault, the formation of the fault
must be chemical in nature. The above structure models
are also consistent with the observation of the Cu enrich-
ment in such planar defects induced by heavy-ion irradia-
tion by a high-resolution EDX measurement using a 2-
nm probe.

G. EELS measurements across the columnar defects

To characterize the chemical disorder within and near
the irradiation-induced defects, the composition across
the amorphous region of Au-irradiated samples was ana-
lyzed using a nanoprobe TEM (2 nm) combined with
EDX. There was no noticeable difference ( &3%%uo) in the
cation composition in both the amorphous regions and
the surrounding crystalline matrix, either for an ion beam
parallel to the a /b direction or to the c direction. How-
ever, for anion oxygen, we observed with EELS a remark-
able change across the damaged area in the fine structure
of the oxygen K-edge absorption spectrum, more precise-
ly, the prepeak of the K edge. The prepeak represents
transition of electrons from 0 1s states into unoccupied
states. The integrated intensity of the prepeak is a direct
measure of the hole density near the Fermi level, and is
usually proportional to the oxygen content. ' The in-
tegrated intensity can also be diminished by disorder in
the CuO chains.

Figure 14 shows a series of EELS spectra acquired over
a span of 60 nm across the amorphous region. The ac-
quisition step is about 5 nm and the acquisition probe is 2
nm in diameter. To compare the strength of the prepeak
at 528 eV, we have normalized the data with respect to
the main-peak at 537 eV. The spectra can be divided into
three groups, denoted as spectra A, B, and C. (They are
symmetrically acquired at the positions with respect to
the center of the defect as shown in Fig. 14.) Spectra A,
taken from positions more than 20 nm away from the
center of the amorphous region, show a prepeak at about
528 eV (the oxygen prepeak would be much pronounced
if a larger probe and a longer acquisition time were
used' ), similar to that observed in a defect-free crystal-
line matrix. Spectra B, acquired 10—15 nm away from
the center of the amorphous region (5—10 nm from its
edge), show the oxygen E edge rising straight up toward
the main peak without a prepeak. In the amorphous re-
gion (Spectra Cl, not only was the prepeak absent, but
also the height of the oxygen main peak was drastically
reduced (only 70% of that observed in the spectra A and
B before normalization of the intensity). This suggests
that there was a marked change in electronic structure
and possibly a loss of oxygen atoms from the amorphous
region. An important observation here is the existence of
spectra B, where the drastic change in the oxygen
preedge peak suggests a decrease in the number of holes
in the crystal near the amorphous region. The reduction
of the hole content outside the defect can be due to a
reduction in oxygen concentration, or disorder in the
crystal lattice, particularly the oxygen in the Cu-0 chains
or perhaps to elastic strain. A comparison of the prepeak
of the spectra B with the observations of Niicker et aI.
and Takahashi et al. suggests that the oxygen
deficiency required to match the data is about 5=0.7.
However, the depression of the hole concentration sur-
rounding the amorphous region might also be attributed
to the lattice distortion around the defects, as seen in Fig.
2. Furthermore, theoretical estimates suggest that to
generate one oxygen hole, an undistorted oxygen-chain
should be at least five unit cells long, thus radiation-
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induced oxygen disorder may also be playing a role. In-
dependent of its origin, it is clear that the reduction of
the hole content near the columnar defect enlarges the
weak- or nonsuperconducting area to almost twice as
large as that of the amorphous region.
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IV. EFFECTS OF HEAVY-ION IRRADIATION
ON NORMAL-STATE RESISTIVITY

AND CRITICAL TEMPERATURE

The effect of heavy-ion irradiation on the supercon-
ducting and normal-state transport properties of
YBa2Cu307 & thin film were investigated as a function of
the loss of superconducting volume fraction resulting
from the amorphous tracks created by the ions. Because
Cu' + and Si' + did not generate distinct linear defects
during irradiation, measurements were made only on
samples irradiated by gold and silver ions. Figure 15
shows the percentile change of the normal-state resistivi-
ty at 290 K and superconducting transition temperature
versus the damaged area 3, estimated from the size of
the defects (the amorphous region). The zero-field criti-
cal temperature ( T, ) before and after irradiation at
fiuence P[T,(P) j has been defined as the temperature at
which the extrapolated normal-state resistivity above 90
K falls to half of its value. A universal linear increase in
resistivity and suppression of the superconducting transi-
tion temperature is seen with the increase in the area of
damage, irrespective of the ion type used. The magnitude
of the degradation of the properties observed implies a
substantial damage to the crystal lattice surrounding the
amorphous defects. As shown in Fig. 15, irradiation with
gold ions at a dose as low as 5.6X10' ions/cm, which
results in a defect separation equal to the flux line lattice
spacing in an applied magnetic field of 1.3 T, causes near-
ly the same change in T, and p(290 K), as that caused by
Ag-ion irradiation at 2X 10" ions/cm . Thus, from the
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FIG. 14. A series of EELS spectra acquired over a span of 60

nm at and near the amorphous region. The acquisition step is
about 5 nm, and the acquisition probe diameter is 2 nm. To
compare the strength of the prepeak each spectrum was normal-
ized by the oxygen main peak at 537 eV. Spectra labeled 2 and
8 were acquired from within the crystalline matrix around the
defect while those labeled C were acquired within the amor-
phous area.
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FIG. 15. Percentile changes in normal state resistivity (at 290
K) and transition temperature of YBa2Cu307 z thin films plot-
ted as functions of the fractional areal damage.
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viewpoint of optimizing the defect density to increase Aux

pinning and to limit the loss in superconducting volume,
silver ions are much more suitable than the gold ions.

V. THERMAL SPIKE MODEL
OF HEAVY-ION DAMAGE

A. Energy transfer and stopping power

'1/2
dE 2h' 2E Zzr3 ~ „Zt~3Ielectronic 7™ 1

(2)

where Zl and Z, are the atomic numbers of the incident
and various target atoms i, respectively. n; is the number
of target atoms of type i per unit volume. E is the energy
of the incident ion. M& and m, are the mass of the in-
cident ion and electron, respectively.

It may be seen from Eq. (2), that the stopping power
rate depends on the kinetic energy and atomic number, as
well as mass, of the incident ion. In Fig. 16, are plotted
the measured diameters of the amorphous defects as a
function of the stopping power ( dE/dx ) for different—
samples. The values of ( dE/dx ) of Au, Ag, Cu—, and Si
ions for YBa2Cu307 & and B12Sr2Ca2Cu30 in this figure
and in Tables I and II were calculated using the tables of
Ziegler, although the results are not too different from
those using the less accurate Eq. (2). Although no con-

An understanding of the formation and the structure
of defects due to heavy-ion irradiation requires some
knowledge of the mechanism by which the projectile de-
posits energy and how this energy is dissipated in the tar-
get crystal. In general, a charged particle moving
through a solid medium can lose energy by three main
processes. For ions with very high energy, the principal
energy loss is due to interaction with the electrons of the
crystal by Coulomb excitation or ionization. The ion also
may lose energy by direct collision with nuclei of the
crystal. The third process of energy loss is by radiation.
Since the intensity of the emitted radiation is inversely
proportional to the square of the mass of the incident
particle, in the case of heavy ions, the energy loss due to
radiation is negligible. Under the conditions of the
present study, the energy loss caused by nuclear col-
lisions, which can be estimated by the Rutherford scatter-
ing law, is two orders of magnitude less than the energy
loss caused by electronic excitation due to the small
scattering cross section of heavy ion. Thus, all of the en-
ergy deposition in the crystal as a heavy ion passes
through essentially can be regarded as due to electronic
excitations, especially when the crystal is very thin
compared with the estimated range ( (200 nm of crystal
thickness and ) 14 pm of the range in the present study).
The rate of electronic energy loss, or the stopping power,
depends on the characteristics of the incident ions, as
well as on those of the target crystal. The dependence of
the rate of the energy loss per unit length along the ion
path (stopping power) due to electronic excitation upon
these parameters is described approximately by the fol-
lowing expression due to Chadderton (modified for a
multicomponent target):
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FIG. 16. Experimentally measured diameters of the colum-
nar defects as a function of the stopping power ( —dE/dx) for
various samples of YBa&Cu307 z and Bi2Sr2Ca&Cu30 . The
values of ( —dE/dx ) were calculated using the tables of Ziegler
(Ref. 30).

elusive observations can be drawn from these few data
points, it appears that, for irradiation of a given material,
the defect diameter versus stopping power follows an ap-
proximately parabolic relation. The threshold of the
stopping power to form an amorphous defect (vertex of
the parabolic curve) decreases with the decrease of oxy-
gen concentration in the YBa2Cu307 & samples. For ful-

ly oxygenated YBa2Cu307 &
(6=0.0), the threshold of

the stopping power is about 13 keV/nm. It is interesting
to note that the curvature of the parabolic curve difFers
between YBazCu307 & and Bi2Sr2Ca2Cu30„. Although
Bi2Sr2Ca2Cu30 has smaller stopping powers for the
various ions as compared to those of YBa2Cu307 &, it
yields much larger defects (by a factor of 1.4—2). For ir-
radiation with Cu ions, amorphous-column defects were
only occasionally observed in YBa2Cu307 &, while fre-
quently seen in Bi2Sr2Ca2Cu30 . This probably can be
attributed to their difference in thermal conductivity as
the thermal spike model discussed below suggests. For
different materials, stopping power is clearly not the only
criterion for evaluating the radiation damage.

A detailed investigation of the amorphization cross
section created by heavy-ion irradiation of magnetic insu-
lators was made by Studer and Toulemonde. ' They
found that the damage efficiency c. versus stopping power
dE/dx curve follows as

c, =E,
„ t 1 —exp [k ( dE /dx )"]J,

where c. , is the saturation efficiency, k varies with the
material (decreasing when the material is less sensitive to
the stopping power), and n is close to 4 for Y3Fez0, 2 and
BaFe&2O». Such a saturation law leads to the damage
cross section being a linear function of (dE/dx ) (Ref. 5)
at the threshold and of (dE/dx) for the saturation re-
gime, respectively. Our estimates of amorphous cross
sections in Au- and Ag-irradiated YBa2Cu307 & shows
that they are approximately proportional to the fifth
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power of stopping power and suggests that the radiation
damage we observed is in the threshold regime. This is
consistent with Fig. 16.

B. A thermal spike model for the formation
of the amorphous defects

Different models have been proposed to interpret the
formation of heavy-ion irradiation-induced defects. The
concept of "Coulomb explosions, " i.e., the violent disrup-
tion of a local region of the lattice by unbalanced electro-
static forces during the period before electrical neutrality
is restored to a region around the ion track in which
charge separation is induced by the passage of the ions is
popular. However, developing a detailed model based
on such concepts is quite difficult. Recently, however, a
defense has been made of for the old notion of "thermal
spikes, " despite the use of continuum and linear heat-
transfer approximations, in discussions of the damage
process caused by swift ions, since "spikes do at least pro-
vide working models and a scenario which properly
reflects the physics within the time scales involved. "
Furthermore, the "spike" approximation has proved use-
ful in rationalizing phase transformations and the forma-
tion of metastable phases caused by fission damage in me-
tallic alloys. Thus, in the following we use a thermal-
spike model to discuss the formation of irradiation-
induced defects.

First, the time needed for energy transfer from an in-
cident ion to the excited electron gas is much less than
the typical time scale of lattice vibration. Thus the ener-
gy loss from the incident ions can be regarded as instant-
ly transferred to the gas of excited electrons. Then, the
energy of electronic excitations is very quickly converted
into thermal energy of the lattice in a very localized re-
gion. The rapidity with which the energy is transferred
from the hot electrons to the lattice of ions depends on
whether the material is metallic, semiconducting, or ion-
ic, in increasing order of rapidity.

The thermal energy then dissipates, so that thermal
equilibrium can again be achieved. A theoretical model
of this process will then consist of estimates of the energy
deposited into the electron system by the heavy ion (as
discussed in the previous section), the kinetics of the
transfer of energy to heat the lattice ions, the transport of
heat in the lattice, and the phase changes and defect for-
mation which accompanies the rapid heating and quench-
ing of the lattice. The dissipation of the energy by the
diffusion of heat throughout the lattice will be approxi-
mately described by Fourier's linear law of heat conduc-
tion neglecting the effects of the latent heat of melting
and freezing. The crudest approximation to the amor-
phized zone along the ion track is to assume that the en-
tire region of the thermal spike where the temperature
rises to or above the melting point becomes amorphous.
(This will be an upper limit to the size in the context of a
thermal-spike model. ) Evidence that this approximation
is incorrect and corrections to it will be discussed below.

To illustrate the main features of the thermal-spike
model, we will first describe the simplest model, in which
the energy of electronic excitations, assumed to be depos-

ited in a line along the ion track, is instantaneously
transferred to the lattice. (In the Appendix a more so-
phisticated model, which explicitly includes the transfer
of energy from the electron excitations to the lattice, is
described. The results of this two-component model can
be quite well described by the simpler model with an
effective thermal diffusivity. ) An ion moving along the y
axis parallel to the crystallographic b axis depositing an
energy Q per unit of path length (equal to dE—/dx from
the previous section) will cause the temperature to rise
above ambient temperature by an amount 8(x,z, t ) where
x and z are the distances from the ion track parallel to
the a and c crystallographic axes, respectively, and t is
the time after the passage of the ion. Assuming the heat
transport is essentially isotropic in the a-b plane, stan-
dard solutions of the linear heat-transfer equations
yield:

8(x,z, t)=
4'(D,qD, )' t

X exp
x z 1

(3)

where c is the heat capacity per unit volume and D,b and
D, are the thermal diffusivities for directions in the a-b
plane and along the c axis, respectively. At a given loca-
tion the temperature will rise rapidly to a maximum
value and then cool more slowly back to the ambient
temperature. A given isotherm of 0 will be an ellipse
which expands rapidly from zero to a maximum size and
then shrinks more slowly back to zero, sort of a "big
bang" followed by a "big crunch" on a microscopic rath-
er than a cosmological scale. Equation (3) can also be
used for ion trajectories along the c axis by replacing D,
by D,b. In that case, the 0 isotherms become expanding
and contracting circles, rather than ellipses. The time
dependence of the diameter d (t) of the circular iso-
therm corresponding to the melting point of YBazCu306
is shown in Fig. 17. (The curves for YBa2Cu307 are cal-
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FIG. 17. The calculated time dependence of the diameter
d (t) of the molten zone after the passage of a heavy ion for
YBa2Cu306 irradiated by Ag (solid line} and Cu (dashed line)
and for YBa2Cu307 irradiated by Ag (dot dashed line) and Cu
(dotted line). The calculations were made as described i.n the
Appendix.



STRUCTURES AND EFFECTS OF RADIATION DAMAGE IN. . .

culated using the more elaborate model described in the
Appendix. ) It is readily shown from Eq. (3) that when
the ion tracks are parallel to the c axis the diameter d
of the circular region in which the temperature has
reached or exceeded the melting point is

d,„=(4Q/vreCO ~)' (4)

where e is the base of natural logarithms and 0 is the
difference between the melting point and the ambient
temperature when the ion travels parallel to the a or b
axis. The major and minor diameters of the elliptical
area in which the temperature reaches or exceeds the
melting point are

d, q
=d,„(D,I, /D, )

' (5)

d, =d,„(D,/D, b
)'

These results, Eqs. (4)—(6), are in qualitative agreement
with the experimental data. The calculated values of
d,„,collected in Table II for YBa2Cu307 &, are of the
same order of magnitude as the diameters of the amor-
phous defects but exceed the experimentally measured
values by about 10 nm. The simplest explanation, aside
from the obvious one that the model is simply too crude,
is that the molten region does not all become amorphous,
but some epitaxial regrowth occurs during the cooling
down period and the diameter of the amorphous region is
thus smaller than that of the original molten zone, and in
the case of Si and sometimes Cu, the crystalline regrowth
can be essentially complete, albeit with some lattice de-
fects remaining. This is consistent with the observation
of stacking faults created in association with the colum-
nar defects and extending to a size 3—5 times that of the
amorphous region, as discussed in Sec. III F above.

The observed ellipticity of columnar defects created by
ions traveling along the a or b axis (see Figs. 7—9) is qual-
itatively consistent with predictions of Eqs. (5) and (6),
but the quantitative values of d,bid, also suggest the ex-
istence of partial epitaxial regrowth of the molten ion
track. The model predicts that the largest diameter of
the elliptically shaped cross section of an a-axis track will
be in the direction of the largest component of thermal
diffusivity, i.e., the b direction, as was observed. For a
gold ion of 300-MeV energy, we estimate a value of about

20 nm for an upper limit to the diameter of a c-axis track
for YBa2Cu307 &. The observed diameter for a c-axis
track in YBa2Cu306 3 is about 11 nm, while the
geometric mean of the two diameters. of an elliptically
cross-sectioned a-axis track was observed to be about 16
nm. [Note that Eqs. (4)—(6) predict that in the absence
of epitaxial regrowth the diameter of the c-axis track
should equal the geometric mean of the two diameters for
an a-axis track, provided there is no crystallographic
orientation dependence of the energy deposition rate for
an ion of a given energy. ] The ratio of the diameters of
the elliptical cross section is predicted to be (D,b /D, )'~ .
The ratio could be as large as about 3—5 for YBa2Cu307
(Refs. 36—39) (a slightly reduced value is expected for
YBa2Cu306 3) compared to the observed value of about
1.5. While the quantitative discrepancies between the
theoretical predictions and the observations may simply
reQect the simplicity of the model, it is possible that they
also result from the neglect of epitaxial regrowth of a
portion of the molten region. This effect could account
for the smaller size of the observed track cross section
than predicted and for the smaller observed eccentricity
of the elliptical cross section, since for cuprates the
crystal's growth rate parallel to the a-b planes has been
widely observed to exceed that perpendicular to it, hence,
making the remaining amorphous region less eccentric
than the original molten region.

As the discussion above indicates, several pieces of ex-
perimental evidence suggest that the simplest model,
which assumes that the entire region for which the tem-
perature exceeds the melting point becomes amorphized,
must be modified to account for partial epitaxial re-
growth. Several physical processes should be considered,
among them: whether or not the cooling rate is
suf5ciently fast to quench in the disorder of the liquid
phase; at what point the velocity of the solid-liquid inter-
face, which retreats at an accelerating rate (i.e., the "big
crunch" portion of the curves in Fig. 17), becomes too
large to permit epitaxial regrowth; and others. A de-
tailed investigation of the role of these processes is
beyond the scope of this paper. Another factor for mul-
ticomponent materials such as the cuprates which often
melt incongruently, is the length of time which a given
region stays at a temperature above the melting point,

TABLE II. Calculated energy loss and calculated and measured diameter d of the damaged area for
YBa2Cu30, z by various incident ions. d,„denotes the calculated diameter of the molten region; t ax

denotes the time required for the molten zone to reach its maximum extent.

Ion

Energy loss (keV/nm)
d for 06 cal. (nm), ht, =20 ps
d max for 06 cal. (nm)
t ax for 06 cal. (ps)
d for 063 meas. (nm)
d for O7 cal. (nm), ht, =14 ps
d ax for 07 cal. (nm)
t ax for 07 cal. (ps)
d for 069 meas. (nm)
d for 07 meas. (nm)

Au

34.8
21.0
22.0
22
13~ 5
14.0
20.0
7.5

10.5

Ag

23.8
15.0
17.5
16
7.0
4.0

16.8
5.5
5.5
3.0

CU

13.4
5.0

13.0
8

0
12.8
3.2
2.2( 1.2

Si

3.8
0
7.0
2

0
6.8
1.1
0
0
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thus permitting rearrangements of the short-range order,
clustering and segregation, etc. , which hinder the subse-
quent epitaxial regrowth and favor the retention of an
amorphous phase. For the purposes of this discussion we
introduce a simple heuristic device which accounts in
some fashion these effects: the concept of a critical
length of time ht, which a given region of material must
remain above the melting point in order to be retained in
an amorphous state. We shall see that this heuristic
modification of the simple model yields semiquantitative
agreement with the observed dependence of the diameter
of the amorphous columns and with the observation that
the threshold energy deposition rate for amorphous de-
fect formation increases with increasing oxygenation (and
hence increasing thermal diffusivity with increasing
mobile carrier density) in YBa2Cu307 & (as seen in Fig.
16).

The diameter d of the column of material which has
remained above the melting point for a period At, is
given by the value of d (t) for which the breadth of a
heating-cooling curve, such as those shown in Fig. 17, is
b, t, . The equation for d (t) which follows from the
modification of Eq. (3) for an ion moving parallel to the c
axis is given by Eq. (A12) in the Appendix. Numerical
calculations show that an approximation good to within a
few percent for the variation of d with ht, is

d—=d 1—
max

16D,b
ht,

' 2 1/2

(7)

Q + Qthreshold ~ ab amp~re (8)

Note that the threshold rises with increasing thermal
diffusivity, consistent with the data for YBazCu307
shown in Fig. 16. The experimental data show that
Q„h„,h„d ranges from about 4 to 13 keV/nm. Equation
(8), with the values of D,b and C listed in the Appendix,
thus yields At, in the range 10—40 ps, which is consistent
with the ps time scale of atomic jumps in liquids. Values
of d for various ions, calculated from the curves of Fig.
17 or, equivalently, with Eq. (7), with b.t, of 14 and 20 ps
for YBa2Cu307 and YBa2Cu306, respectively, are listed
in Table II. The calculated values are in reasonable
agreement with the experimentally observed values.
Thus, we see that the anisotropic thermaI-spike model,
together with the notion of a critical time interval in the
liquid state needed to retain amorphicity and prevent epi-
taxial regrowth, is capable of a semiquantitative descrip-
tion of a number of aspects of heavy-ion damage in cu-
prate superconductors.

where d
„

is the maximum of the heating-cooling curve,
given by Eq. (4), and e is the base of natural logarithms.
Note that this equation implies the existence of a thresh-
old value of d,„,and by Eq. (4) a threshold value of
Q—: dE/dx, for—a given value of b, t, . For a nonzero
value of the radius d of the column of amorphous materi-
al, the energy deposition rate Q must obey

VI. SUMMARY

We have conducted a comprehensive study of structure
and properties of high-T, superconductors irradiated
with ions of Si, Cu, Ag, and Au with an energy ranging
from 182 to 300 MeV. Au + and Ag '+ radiations lead
to the formation of columnar defects in the materials.
These columns consist of amorphized material within the
envelope of a region of lattice defects and a
displacement/strain field which propagates into the crys-
tal lattice. No distinct radiation damage was observed by
TEM in samples irradiated with Si' + ions. For Cu' +,
amorphous defects were frequently observed in
Bi2Sr2Ca2Cu30, but not in YBa2Cu307 &. For fully ox-
ygenated YBa2Cu307 & (5=0.0), the threshold of the
stopping power to form the amorphous column was
found to be 13 keV/nm. We also found that the degree of
the radiation damage by the heavy ions depends on the
rate of the energy loss ( dE/dx—) of the ion, the relation-
ship of crystallographic orientations to the incident ion,
the stoichiometry of the sample, the perfection of the
crystal, and the thermal conductivity of the target as
well. A simple anisotropic thermal-spike model based on
the idea of ion-induced localized melting and partial epi-
taxial regrowth was proposed to describe the formation
of the amorphous tracks and which agrees at least semi-
quantitatively with many of the observed features. Mea-
surements of the superconducting transition temperature,
and the normal-state resistivity of YBa2Cu307 & Alms ir-
radiated with Au + and Ag '+ ions reveal a universal
linear scaling between the fractional areal damage versus
the superconducting transition temperature and the
normal-state resistivity.
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APPENDIX: A THERMAL-SPIKE MODEL
WHICH EXPLICITLY INCLUDES

AN ELECTRON GAS COOLED
TO A LATTICE OF IONS

1. Energy transfer to the lattice

As discussed in Sec. V A, the energy initially
transferred to the sample from the fast moving heavy ion
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is predominantly in the excited electrons. Here we dis-
cuss how the energy transfers from the gas of excited
electrons to the lattice to create defects. Because of the
short time required to excite electrons, we can assume
that all the energy has been transferred to the electron
gas at time t =0. It is also reasonable to assume at the
electron gas is in equilibrium at any time. A simple cou-
pled thermal diffusion model which evaluates the energy
transfer from electron gas to the atoms was Qrst de-
scribed by Chadderton, ' and we make use of this mod-
el here.

Assume an electron gas with a temperature 0& above
the ambient temperature which is homogeneously mixed
with a gas of heavy atoms with a temperature 82 above
the ambient. The heat transport may be represented by
the pair of linear differential equations:

=Ci +b(8, —82),
dt

a'8, aO,=C b(8 ——8 )
Bt 1 2

(A 1)

(A2)

where ~, and ~2 are the thermal conductivities of elec-
trons and atoms, respectively, C, and C2 are the heat
capacities per unit volume, and b is a coupling coefBcient
of heat transfer between electron and atoms. As in the
case of a homogeneous mixture of perfect gases
Cj =C2 =C so that we may let

~, /C =D, ,

a2/C =D2,
b/C=p .

(A3)

(A4)

(A5)

Oi =a,exp( ikx +Pt ),
82 =a2exp(ikx +Pt )

(A6)

(A7)

into Eqs. (A 1) and (A2). We then find that

(Di+D2) 2 D, D2—
2

k+ +p
2

1/2

(A8)

Solutions to Eqs. (Al) and (A2) may be derived by substi-
tutions of the form

82(r =d l2, t ) =8 (A 10)

For the purposes of these calculations, we utilize the fol-
lowing values for the parameters: the electron-lattice
coupling constant p is assumed, following Chadder-
ton ' to be 10 ps '. The speci6c-heat capacity per unit
volume C is taken to be the Dulong-Petit limit,
1.84X10 eV A K ', the experimentally observed
thermal conductivity for YBCO at high temperatures is
observed to be about 4 JM ' s ' K=0.0025
eVA 'ps 'K ' and we use this value for the lattice
thermal conductivity ~z which corresponds to a lattice
thermal diffusivity D2=a2/C of 136 A ps '. The value
of the electron thermal diffusivity depends upon the oxy-
genation of the compounds, as discussed below.

2. YBa2Cu3O6. The semiconductor

For a semiconductor, the thermal diffusivity of the
electron gas is about the same order of magnitude as that
of the lattice, i.e., D& =D2. We therefore have, from Eq.
(A9),

Oz= exp [1—exp( 2pt)] . —
2C 4m.D2t 4D2t

(Al 1)

When nearly all the energy is transferred to the lattice,
the second term can be ignored. The diameter d of the
molten zone then becomes

(t)=4 D, tin
SmCD2t 8 p

1/2

(A12)

where

(Di D—2)5= k
2p

We will compare the lattice temperature (Oz) with the
melting temperature of the YBCO compounds (8 is ap-
proximately 1000 K). The melting region has a diameter
of d (t) where

For an instantaneous line source produced initially en-
tirely in the electron gas, the solution for the lattice tem-
perature 82 becomes

82= exp( pt) I e—xp[ —(D&+D2)k t/2]
2mC o

sinh(pt+1+5 )X Jo kr kdk,&1+a'

(A9)
I

The calculated time dependence of the diameter of the
molten region d for Ag and Cu ions irradiating
YBa2Cu306 is shown in Fig. 17. The values of the max-
imum diameter d,„ofthe molten region and the timet, required to achieve the maximum size are listed in
Table II.

3. YBa&Cu3O7. The metal

For a metal, D& ))D2, and we have

D, k t sin(pt 1/1+D, k l4)

Q 1+D2k 4/4
Jo(kr)k dk .Oz = exp( pt ) exp—2' C o

(A13)
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The numerical results for YBa2Cu3O7 listed in Table II
and shown in Fig. 17, were calculated using D, =5D2.
We also did calculations for the case of D, = 10D2 and no
significant change is found. These results show that even
though the energy loss and the assumed value of the
electron-lattice coupling in YBa2Cu307 are almost the
same as in YBa2Cu306, the higher diffusivity of electrons
in the metallic YBa2Cu307 causes the time required for
the temperature at a given position to reach the melting

point to be much shorter than in the YBa2Cu306 case. In
fact, the resulting curves of the time-dependent radius of
the molten zone R (t), e.g., Fig. 17, resulting from Eq.
(A13) can be described well by Eq. (A12) with an effective
thermal diffusivity D,~ which depends slightly on the en-

ergy of the incident ion: the ratio of D2 to Dz is found
to be 2.9, 2.9, 2.5, and 2.0, respectively, for Au, Ag, Cu,
and Si ions with the energies listed in Table I.
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