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Damage morphology along ion traces in Au-irradiated BjSr,CaCu,O,
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We systematically observed the damage morphology along ion traces by transmission electron microscope
in 230 MeV Au-irradiated BiSr,CaCyO, single crystals. The results gave us a basic understanding of how
high-energy ions interact with the target atoms, lose their energy, and are stopped. Three types of transitive
defect morphologies, large-angle-deflected columnar defects, cascade-defect-dotted columnar defects, and or-
dered cascade defects, were found to be located between two typical defect morphologies, parallel columnar
defects and disordered cascade defects, in different penetration depth regions. The mechanisms for the forma-
tion of these transitive defect morphologies were suggested. The analysis of ion-energy deposition in each
penetration depth region and the results obtained indicated that our suggested mechanisms are reasonable. This
study also supplied us with an effective experimental method to directly estimate the columnar defect size
distribution versus ion penetration depth and the ion-energy thresholds to produce columnar defects and
cascade defectfS0163-18208)01422-7

[. INTRODUCTION still unclear. Until now, to our knowledge there has been no
direct experimental data to describe how the defect morphol-
lon irradiation has been widely used to artificially createogy changes as the ion energy is gradually decreased in the
crystal defects in superconducting materials which can act asrget materials and how high-energy ions interact with the
flux-pinning sites and prominently increase the critical cur-target atoms to be stopped.
rent density {.).1™* Since the efficiency of irradiation- In order to answer these basic questions in the ion-
induced defects in flux pinning strongly depends on theirrradiation research field, we designed an irradiation experi-
microstructures and distributions, the morphologic study ofment for this study. The incident ion energy we selected was
such defects is the first important step in clarifying the origin230 MeV and the incident ion was the Au ion. In this case,
of flux pinning in irradiated superconductors. It can also supthe ion penetration depth will be limited within 28m and at
ply the basic experimental data for an understanding of théhe same time parallel columnar defects can still be produced
mechanism of ion-target interaction. Usually, heavy-ionnear the bombarded surface layer in the target materials.
beams with very high energies, e.g., several GeV, are used ftherefore, if we select target materials thicker thanu2n,
produce the columnar defects for flux pinning in superconthe incident ions will lose their energy gradually from 230
ducting materials. In thin-film samples, the induced defectMeV and stop in the target material. The various damage
morphology is quite simple and can be assumed to be paraforphologies produced by ions with various energies from
lel columnar defects with a highly uniform column size 230 to 0 MeV will be presented in the target material and
within the limited thickness of the target materials. The de-ocated in different ion-penetration depth regions. By using a
tailed microstructure and the two-dimensional distribution oncross-sectional observation method, we can obtain the rela-
the bombarded surface for this kind of columnar defect havdionship between the irradiation-damage morphology and the
been intensively studied using plan-view observationincident ion energy in a large energy region.
methods>® For bulk samples, however, the irradiation- Based on the above consideration,8;CaCyO, single-
induced defect morphology is very complicated and we als@rystal plates(~20 wm in thicknesg were irradiated using
do not have a good understanding of it now. Therefore, it i230 MeV Au ions. Here, we report on the continuous cross-
quite difficult to establish a good connection between thesectional observation of irradiation damage morphology
defect structures and their flux-pinning efficiency. Anotherfrom the ion bombarded surface to a depth of about20in
kind of irradiation-induced defect that has been extensivelyhe target crystal using transmission electron microscopy
studied in irradiated materials is the collision cascade defectSTEM). A gradually changing process in irradiation-induced
produced by ion beams with very low energies around sevelefect morphology from parallel amorphous columns to dis-
eral MeV or less than 1 MeV. Since the ion species, the iorordered collision cascades was clearly observed. Three kinds
energies, and the target materials previously used in ionef transitive irradiation-induced defect morphologies pro-
irradiation experiments are very scattered, the conditions tduced by the ions in middle energy region were found and
generate the different kinds of irradiation-induced defects ar¢he forming mechanisms for these transitive defect mor-
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phologies were suggested. Furthermore, we applied this oldepth of 2um, we found a few columnar defects to be de-
servation method in this study to measure the columnar deflected from the ion incident direction with angles larger than
fect size distribution versus the ion penetration depth and t80°. As the ions penetrated deeper, the density for this kind
estimate the ion-energy thresholds to generate the columnaf large-angle-deflected columnar defect was found to in-
defects and cascade defects in Au-irradiatesBBCaCyO,  crease.(3) Cascade-defect-dotted columnar defedf¢hen
crystals. the ions penetrated to a depth of abouyird and their energy
was reduced to some specific value, we found a region in
which the columnar and cascade defects coexisted and the
cascade defects were distributed in order along the axes of
The BiLSrL,CaCyO, single crystals used for ion irradia- the columnar defectd4) Ordered cascade defectds ion
tion were prepared using the floating-zone melting method.energy decreased further in the target crystal, the continuous
The crystals were cleaved into thin sheets of abouju® columnar defects disappeared and, instead, a kind of cascade
thickness along tha-b plane and cut to about 1-mm wide defect with a tail appeared. We found that this kind of cas-
and 2-mm long. Perpendicular to the surface of the thircade defect with a tail arranged in lines along the extended
sheets, 230-MeV Au-ion irradiation was performed with adirection of the tails(5) Disordered cascade defectafter
dose of 9.% 10'° ions/cnf at room temperature using a Tan- the appearance of ordered cascade defects, only pure disor-
dem accelerator at the Japan Atomic Energy Research Instilered spherical cascade defects were found to exist in the
tute. Cross-sectional samples for TEM observation were prgarget material. When the ions penetrated deeper, the density
pared by pasting the ion-irradiated samples between siliconf the cascade defects gradually decreased. Finally, when the
pellets and cutting them into slices along ther b axis of  ions penetrated deeper than i, no cascade defects could
the crystal. The slices were then mechanically ground tde observed by TEM.
40-50 um, dimpled to about 1@«m, and finally ion-milled
with a liquid-nitrogen cold stage. The TEM analyses of dam-

Il. EXPERIMENTAL

age morphology along the ion traces were performed using a B. Energy thresholds to produce five kinds
Topcon EM-002B high-resolution TEM operated at 200 of defect morphologies
keV. It is well known that the morphology of irradiation-

A high-energy-extendegDepP-1computer C_OO%WE‘S used induced defects strongly depends on the mechanism of ion-
to calculate the damage depth profile of high-energy heavyy et interaction. Up to now, only two types of defects have
ions in the target material. Using this software, the distribuyeen observed by TEM in ion-irradiated materials. The first
tions for stopping power and ion residual energy against thgs amorphous columnar defects in the ion incident direction.
penetration depth were estimated. The energy transference the corresponding mechanism for ion energy deposition in
the nuclear collision between high-energy inc.id'ent ions anFﬂarget materials is called electronic energy depositiy),(
target atoms was calculated based on the rigid-ball elastighich results from the ionizations and/or electronic excita-
collision model. In the formation of cascade defects, a;jons of target atoms induced by high-energy ions. The sec-
methoﬁ based on Boltzmann transport theory and the theryqg is cascade defects which are generated by low-energy
mal spike model was employed to estimate the energy tranggns through nuclear collisions with target atoms. This pro-
feren<,:e from the incident ions to primary knock-on atomsgaegs of ion-energy deposition is called nuclear energy depo-
(PKA’S). sition (S,). According to the existing experimental knowl-

edge, the parallel columnar defects are produced by heavy
Ill. RESULTS AND DISCUSSIONS ions with energies from several hundred MeV to several

GeV and the cascade defects are produced by incident ions
with energies around 1 MeV. These two types of defects

Figure 1 is a series of bright-field images taken along theproduced by energetic ions with very different energies have
ion penetration path in the 230 MeV Au-irradiated only been observed separately. Even though the thresholds of
Bi,Sr,CaCyO, crystal. It shows the change in the ion energy and stopping power for producing both kinds of
irradiation-induced defect morphology as the Au ions pendefects have often been mentiont@d! detailed experimental
etrate through the target material. Between the two typicatlata for an understanding of such thresholds have not been
ion-irradiation-induced defect morphologi@sarallel colum-  obtained until now. The continuous observation of defect
nar defects and disordered cascade defeats found three distribution along the ion traces in this study has provided us
types of transitive defect morphologies which we namedwith direct experimental data allowing us to understand these
large-angle-deflected columnar defects, cascade-defeatnergy thresholds and the relationship between them in the
dotted columnar defects, and ordered cascade defects. Thel-irradiated BjSr,CaCyO, single crystal.
detailed distribution state for all the defect morphologies can From the TEM observation results in Fig. 1, we can
be described as follow$l) Parallel columnar defectdNear  clearly see that the columnar defects exist in a depth region
the irradiated surface layer, the defects generated by suahnged from the ion-bombarded surface to a depth of about
high-energy incident ions are amorphous columns with al7.5 um. The depth region where the cascade defects are lo-
most parallel orientation along the ion incident direction. Ascated is found to be from 5 to 1im. Using a high-energy
they penetrate into the target, the ions slow down througlextendedeDepP-1 code® the lower limits of stopping power
interaction with the target electrons and/or atoms. The size dfdE/dx) and ion residual energy were estimated to be about
the produced amorphous column also gradually decreases6 MeV/um and 50 MeV/ion, respectively, to produce the
(2) Large-angle-deflected columnar defecBarting from a  visible columnar defects in Au-irradiated f8ir,CaCyO,

A. Defect morphologies along ion traces



57 DAMAGE MORPHOLOGY ALONG ION TRACES IN Au . .. 13909

SRR

Surface Layer

b H

FIG. 1. A series of bright-field images picked out at an equal distance from the continuously observed images along the ion trace. The
corresponding depth from the ion bombarded surface for each image is presented at the bottom corner. The black triangles show the
large-angle-deflected columnar defects.

single crystal. This value agrees well with the lower thresh-ogy for the two types of columnar defects ranged from 170
olds of electronic energy-loss rate reported by Leghisséao 50 MeV/ion and from 27 to 16 MeVim, respectively.
et al}? and by Kumakurat al'® Furthermore, the estimated In the changing process of defect morphology, there was a
regions fordE/dx and ion residual energy to produce the depth region where two kinds of columnar defects coexisted
visible cascade defects in the,Br,CaCyO, crystal ranged with cascade defects, which could clearly be observed in the
approximately from 22 to 8 Me\{/m and from 100 to 10 Au-irradiated B}SrL,CaCyO, crystal in this study. The spe-
MeV/ion. cial energy region to produce such defect morphology
Two different morphologies for pure columnar defectsranged from 100 to 50 MeV/ion and the corresponding re-
produced by high-energy heavy ions were observed in thigion for stopping power ranged from 22 to 16 MeMi. In
study. The first is the pure parallel columnar defects thathis energy region, we could observe three kinds of defect
were previously reported, which are located within a depttmorphologies, parallel columnar defects, large-angle-
region from the ion-bombarded surface to a depth of about 2leflected columnar defects, and cascade defects. This implies
um. In the depth region from 2 to 7.,am, another kind of that three different kinds of ion-target interaction mecha-
columnar defect was found to be deflected at a large angleisms can work in the same energy region. The cascade col-
from the ion incident direction, and two kinds of columnar lisions can not only take place in the low-energy region, but
defects were mixed in this depth region. The estimated lowethey can also take place in the high-energy redimg., 100
ion energy threshold to produce pure parallel columnar deMeV/ion) where the columnar defects can still be produced.
fects was 170 MeV/ion and the corresponding lower limit of  In the pure cascade defect area, the defect morphology is
stopping power was about 27 Meuh. The regions for ion also not only of one kind. Except for the typical disordered
energy and stopping power to produce the mixed morpholeascade defect morphology, there was another ordered cas-
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Penetration Depth (um) MeV/um. To produce pure disordered cascade defects, the
PO L N S 6 7 8 9 10 11 12 13 14 15 ion energy andlE/dx should be lower than 36 MeV/ion and
g 13 MeV/um.
> % Figure 2 is a schematic for showing the five kinds of
= 20 \ defect morphologies distributed along the ion traces in detail.
§ 151 A B CND E In order to get a clearer impression of the energy conditions
2 to produce these defects, the depth profiles for stopping
o Se power and ion residual energy estimateddmgpP-1code are
g 5 g attached above and below the schematic. Table | shows the
% 0 detailed data of the distribution regions for penetration depth,
""""" @%@ e ® ion residual energy, and stopping power to produce each
D 2y Pse” kind of defect morphology.
(D @G |~
- : | [e) D @&
5 - ' e %, o ° C. Depth distribution of columnar defect size
Z It Ny : t?O ® i Although clarifying the distribution of columnar defect
70 C;Q Ge S ° size versusiE/dx is very arduous, it has to be done because
o K= © e it is a necessary step in clarifying the process of electronic
e~ B o=C—={@D>49" E energy deposition of incident ions in the target material. For
%200 only a few target mat_eria!s such as mica;Fg0;, and
S 180 YBa,Cu;0;_5 the distribution curves of columnar defect
2 190 size versusiE/dx have been given by summarizing all the
5 120 extant related experimental dafai***However, there is in-
LT‘; 1% A B C D E sufficient experimental data to plot such a curve for
5 % Bi,Sr,CaCyO, crystal. The continuous observation of co-
§ 20 I lumnar defects along the ion traces done in this study seems
T, 3 4 5 6 7 5 9 0t a2 s e a very effective means to acquire the data to plot such a
Penetration Depth (um) distribution curve. Since ion energy adé/dx continuously
. . : change along the ion traces, theoretically, we can obtain a
Se: electronic energy loss Sn: nuclear energy loss

continuous distribution for columnar defect size versus

FIG. 2. A schematic showing five kinds of irradiation-induced dE/dx or ion energy using one irradiated sample. Also we
defect morphologies in different ion-energy regions. The attachedl0 not need to consider experimental errors from different
curves are the depth profile calculation results using high-energncident ions, different target materials, and so on. In this
extendecepep-1code which showed the changing process of stop-Study the columnar defect size at each penetration depth was
ping power(up sidé and ion residual energgdown side as the measured using high-resolution electron microscope
penetration depth increases gradually in the target material. (HREM) images taken in the same depth region. The distri-

bution curve obtained for columnar defect size versus pen-
cade defect morphology in the target crystal when the ioretration depth is shown in Fig.(&. Using high-energy ex-
energy was just a bit higher than the ion energy to producéendedepep-1software® we can calculate theE/dx and ion
disordered cascade defects. The regions of ion residual eenergy at each penetration depth in the target material.
ergy anddE/dx to produce ordered cascade defects rangedTherefore, we can also easily obtain the correlation of co-
respectively, from 50 to 36 MeV/ion and from 16 to 13 lumnar size withdE/dx or ion residual energy. Figurel®

TABLE I. Regions of ion penetration depth, ion energy, and stopping power for generating five kinds of
defect morpholoaies.

Depth (um) 0 —= 2 B 5 —— 75 e 85— 11

Au-ion Energy (MeV) 230 —= 170 e 100 —m 50 —= 36 —a 10

Stopping Power (MeV/um30 —= 27 —_— 22— 16— 13 = 8

Parallel ® ® ®

Columnar Defects

Large-angle-deflected ® ®
Columnar Defects

Ordered ® ®
Cascade Defects

Disordered ®
Cascade Defects
Morphologies Pure Paral.| Mixed Col. Def. | Cas.-dotted |Ordered Disordered

of Irradiation Damage |Col. Def. |(Paral.+ Deflected)] Col. Def. |Cas. Def| Cas. Def.
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14 @ us to understand the nuclear collision of incident ions with
+ target atoms in the high-energy region. As shown in Table I,
this energy region ranged approximately from 170 to 50
10 + MeV. It is very easy to understand that the density of the
deflected columnar defects increased with the increase in the
ion penetration deptliFig. 1). This is because as the ions
+ penetrate into the target material, the ion energy and velocity
+ + gradually decrease, thus the mean free path for this kind of
{ nuclear collision decreases and the collision probability is
higher. Finally, it will result in a higher density for the de-
0 : : ! flected columns in the target materials.
0 2 4 6 8 As Fig. 1 shows, there is not an obvious melting area
Penetration Depth (um) (amorphous argaaround the collision site which can be ob-
served by TEM. This implies that the energy transferred to
1 + (b) the crystal lattice is very little at the moment of collision.
Therefore, we can approximately consider this kind of colli-
sion to be an elastic collision. Using the rigid-ball collision
0 + model, we briefly estimated the ion deflection angle, the en-
8 | ergy transference, and the probable defect morphology pro-
+ duced by this kind of collision. The result indicates that the
&1 + + deflected columnar defects with a deflection angle of larger
4t + than 30° are produced by the collisions between Au ions and
d heavy target atoms, Bi atoms. For a collision to produce a
32° deflected columnar defect as shown in the TEM image
0 . . . . . . . taken at a penetration depth of aboututh (Fig. 1), the
15 17 19 21 23 25 27 29 3 residual energy of the deflected Au ion and the transferred
Stopping Power  keV/nm) energy from the Au ion to the Bi atom in this collision was
estimated to be about 125 and 45 MeV, respectively. The

FIG. 3. Distributions of columnar defect size vergasion pen- AU i in this depth . . bout 170
etration depth an¢b) stopping power measured by HREM images. average Au lon enérgy in his depth region IS abou
MeV. According to the analyses of the ion energy and the

The value of stopping power in each penetration depth is given by . . ; -
the curve(up side presented in Fig. 2. corresponding stopping power in the target material, the sec-

ondary Bi ion with an energy of 45 MeV is insufficient to
shows the columnar size distribution agaid&/dx. If we  produce a visible columnar defect in the,BL,CaCuyO,
do a linear extrapolation of this curve to a hidk/dx value  crystal. The defect morphology around the collision area
of 31.5 MeVjum, the corresponding columnar size will be should be as that schematized in Fi¢)5 The TEM obser-
about 16.3 nm. This value coincides quite well with the co-vation results in Fig. 1 also confirmed this fact. There was
lumnar defect sizé16 nm observed by Zhwet al® in 300  only a deflected columnar defect and no accompanying co-
MeV Au-ion-irradiated BjSr,CaCyOy crystals. lumnar defect produced by an ionized Bi atom in the colli-

sion area. Concerning the lighter target atoms such as Sr, Cu,
D. Discussion of mechanism for transitive defect morphologies Ca, and O, the collisions of Au ions with them only caused a
small-angle scattering<(10°) of the incident Au ions. De-
tailed analyses on the nuclear collision between high-energy

It has been well known that pure parallel columnar de-ions and target atoms will be reported elsewhere.
fects are produced by an interaction process between incident The density of this kind of high-energy nuclear collision
ions and target electrons. Through this process, a great delags been also briefly estimated for the Au incident ions in the
of ion energy is instantly transferred to the target electronslepth region around gm. In this estimation, the ion energy
and the energy of the excited electrons is very quickly conwe used was 170 MeV and the nuclear stopping power esti-
verted into the thermal energy of the lattice in a very local-mated by theeDEP-1software was about 0.314 Mepih. If
ized region. When the local temperature of the lattice iswe suppose that all the nuclear collisions in this ion energy
higher than its melting point, a localized melting region will region are strong collisions and the ion energy loss for each
be formed. As a result, an amorphized zone can be observawllision is about 45 MeV as analyzed above, the collision
by TEM. For a high-energy moving ion, a continuous amor-density will be about 6.77 collisiongi® in an irradiation
phous columnar defect along the ion penetration path will b@xperiment with an ion dose of 9<7L0'% ions/cnf. In other
produced in the target crystal. However, there has been words, the density of target atoms displaced by this kind of
very limited understanding for the nuclear collision of anuclear collision is 6.77 atomsi® and the corresponding
high-energy incident ion with target atoms and the corredisplaced atom ratio is about X0 ‘. For TEM observa-
sponding damage produced in the target material. We onlion, this collision density is quite low and the corresponding
know that the possibility of nuclear collision between high- crystal defectdlarge-angle-deflected columnar defgcirs-
energy ions and target atoms is not zero, theoretically. duced by this kind of collision are also quite difficult to
The large-angle-deflected columnar defects observed inbserve in a high ion-energy region such as that around 170

this study provided us with important information allowing MeV, which has been confirmed in this study.

Column Diameter {nm)
)
——

Column Diameter (nm)

1. Large-angle-deflected columnar defects
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formation of cascade defects, the volume of the damaged
area we used in the analysis is about three times as that
observed by TEM. By using a methbbased on Boltzmann
transport theory and the thermal spike model, the deposited
energy of the incident ion to produce an 8 nm spherical cas-
cade defect is estimated to be about 16.8 keV. This value of
deposited energy is quite small compared with the original
ion energy(100-50 MeV). For one cascade collision, the
energy transferred from the incident ion to the PKA is less
than 0.1% of the original ion energy.

Furthermore, we estimated the ion deflection angle pro-
duced by this kind of high-ion-energy cascade collision. In
the estimation, when we take the heaviest target atd@ns
as PKA’s, the possible ion-deflection angle is less than 1.5°.
If the lighter atoms, such as Sr, Ca, Cu, and O, are consid-
ered to be the PKA's, the deflected angle for the incident ion
will be smaller and less than 1°. The average deflection angle
of incident Au ions induced by all probably occurring cas-
cade collisions has been calculated to be about 0.6°. Since
the deflection angle induced by cascade collisions in this
high ion-energy region is too small, and also the direction of
ion deflection by each on-axis cascade collision is random,
for TEM observation the defect morphology should look like
one straight columnar defect with many cascade defects dis-
tributed along the column axis. These results indicate that
our original suggestion for the mechanism to produce
cascade-defect-dotted columnar defects is reasonable.

It should be noted that this kind of mechanism in ion-
target interaction only works in a specific region of ion en-

rgy which ran from th r threshold for pr in
FIG. 4. HREM image showing the structural detail of the cray ch ranges from the upper threshold for producing

cascade-defect-dotted columnar defect. The black triangles indica%zl\f?jﬁzc?sefzifo:gitwhgetlc?\tl\rlleer(;ihsrter ;)r:]c:il(c)ir:?;giiﬂefgtlggcﬁoriir\?v
the positions of cascade defects and the arrow shows the ion peal-efects con'firmed by TEM ob fi F i CaCLO
etration direction. The columnar defect can be seen clearly betwee . .y 0 Serv.a on. prZan al iy .
two cascade defects. single crystal _|rrad|ated by Au ions, thls_ energy region
ranges approximately from 100 to 50 MeV/ion. Figurg)5
2. Cascade-defect-dotted columnar defects is a schematic which can help us to further understand this

eraechanism.

It was found that columnar and cascade defects coexist
in a depth region from about 5 to 7/&m and the cascade
defects were only distributed along the axes of the columnar
defects(Fig. 1). In this depth region, the corresponding ion  Around a depth of 8wm, ordered cascade defects with
energy ranges from 100 to 50 MeV. This kind of on-axislong tails can be found after the appearance of cascade-
cascade defect had a similar shape and microstructure to tliefect-dotted columnar defedtBig. 1). All the cascade de-
pure cascade defects produced by low-energy 1818, fects are arranged along many straight lines and the tail of
Therefore, the generation mechanism should also be theach cascade defect is oriented along these lines. This kind
same and one dotted cascade defect should result from owé ordered cascade defect line can be understood as a conti-
PKA. As to their special distribution state, there is only onenuity of cascade-defect-dotted columnar defects. As the ion
way to understand it: the cascade defects that appear at oreergy decreases further, the sizes of columnar defects be-
columnar axis must be produced by the same ion that genecome smaller and smaller. The continuous columnar defects
ates the columnar defect itself. This implies that the com-<cannot be directly observed. However, when the columnar
plete cascade-defect-dotted columnar defect is originally ondamaged area overlaps the spherical damaged area produced
single defect which is inseparable. This kind of defect mor-by a cascade collision, a trace of the columnar defect still
phology corresponds to the alternative energy-depositio@ppears in the form of a tail for each cascade defect. The
process of electronic excitation and nuclear collision. mechanism to produce such ordered cascade defects should

Figure 4 shows the detailed microstructure for this kind ofbe similar to the mechanism to produce cascade-defect-
irradiation-induced defect morphology. The sizes of the casdotted columnar defects, and one ordered cascade defect line
cade defects distributed on the column axis are about 8 nm ishould also be produced by one incident ion. The same
diameter. In order to further explain the formation mecha-analyses as on cascade-defect-dotted columnar defects were
nism for the cascade-defect-dotted columnar defects, the dedso carried out. The results indicated that the deflection
posited ion energy and the possible deflection-angle of thangle of the incident ion produced by each cascade collision
incident ion in the on-axis cascade collision has been anan this ion energy regioriabout 50-36 MeY was less than
lyzed in this study. Considering the healing effect in the2°. If we consider the random distributions for the directions

3. Ordered and disordered cascade defects
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Au ion energy
- [ |
= 100 Me¥ I70-50 Mev [ 100~50 Mev | 50~36 M:v] < 36 MeV

Au fom Al o Al bon An lon

(b)

FIG. 5. (Color) Suggested models to briefly describe the mechanisms in forming the five kinds of defect morphologies produced by Au
ions in different energy regionsa) is for parallel columnar defectgh) for large-angle-deflected columnar defedts,for cascade-defect-
dotted columnar defectsq) for ordered cascade defects, &l for disordered cascade defects.

(a) (e) (d) (e)

of ion deflections in cascade collisions, it is reasonable tdation and nuclear collision. There was also more than one
expect that a morphology of ordered cascade defects can lkéd of morphology for the cascade defects. As the ion en-
observed by TEM. The mechanism producing ordered casergy changes in the target material, the defect morphology
cade defects is schematized in Figd)5 also changes. In the high-energy region, the cascade defects
As the ion energy decreased further, the deflection anglesave an ordered distribution along the direction of ion move-
of incident ions induced by cascade collisions became larganent. Even though the ion energy is high enough to create a
and larger. The ordered cascade defect lines could barely mmlumnar defect, cascade defects can also be produced.
observed again, instead, only a disordered cascade-defeéthese cascade defects produced by such high-energy ions
morphology could be observed. After several cascade colliwere found to be distributed in order along the axis of the
sions, the ion residual energy will decrease to a value, focolumnar defect. As the ions lose their energy in the target
example, of less than 100 keV. The incident ion will behavematerial, the size of the produced columnar defects de-
like one simple PKA producing a cascade defect by itselfcreases. When the size of a produced columnar defect is so
and finally it will stop in the target crystal. Therefore, as small that it can hardly be observed by TEM and at the same
more and more incident ions stop in the target crystal, theime the ion energy is still quite high compared with the
density of the disordered cascade defects also decreases. Fansferred energy in each cascade collision, the ion-damage
nally, no defects could be observed by TEM as Fig. 1 showsmorphology appears in the form of ordered cascade-defect
lines. Further, all the cascade defects located on one column
IV. CONCLUSIONS axis or on one straight line should be produced by one inci-
dent ion, which was suggested in this study. Subsequently,
Continuous TEM cross-sectional observation along thevhen the ion energy becomes increasingly lower, the ion-
ion traces in the Au-irradiated B3r,CaCyO, crystals in this  deflected angle induced by each cascade collision becomes
study clearly showed the process of change in irradiationincreasingly larger and the distribution of cascade defects
damage morphologies as the ion energy decreased, andgtadually become disordered. The calculation of ion energy
also supplied the direct experimental data to understand thgeposition and the deflection angles of incident ions in the
mechanism of ion-target interaction in each energy region oéascade collisions done in the study strongly supported our
incident ions. It revealed that the columnar defect morpholsuggested mechanisms for ion-target interaction in each ion-
ogy was not only parallel amorphous columnar defects agnergy region.
previously reported, but it also appeared in other morpholo-
gies, such as large-angle-deflected columnar defects and ACKNOWLEDGMENTS
cascade-defect-dotted columnar defects. This kind of large-
angle-deflected columnar defect resulted from the near- This work was partially supported by the New Energy and
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