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180-MeV Fe ion beams were used to bombard th&BCaCuyO, single crystals. The damage morphologies
along the ion traces were investigated using cross-sectional transmission electron microscopy. Comparing with
heavy-ion(Au or Pb irradiation, the light Fe-ion irradiation shows several specific damage behaviors: the
appearance of long columnar defects with constant column size, the disappearance of the peak of damage
efficiency, and the much lower threshold of stopping power for generating columnar defects. An effective
method has been developed for qualitatively analyzing the changing law of the damage size with the ion
velocity. The applications on both Fe- and Au-irradiatedSBiCaCyO, crystals and the obtained results
indicate that the appearance of long columnar defects with constant column size is a specific phenomenon only
occurring in light-ion irradiation. A qualitative analysis has been also done to prove that the threshold of
stopping power for generating columnar defects is not a material constant but decreases as the mass of incident
ion decreases, which further explains the lower threshold of stopping power in light Fe-ion irradiation.

[. INTRODUCTION changeable factors on irradiation damage process.
Recently, we have introduced a cross-sectional observa-

lon irradiation has been widely used to artificially intro- tion method® to measure the damage size continuously
duce some specific defect structures in target materials falong the ion trace, which enables us to analyze the irradia-
modifying the physical properties of target materials. Fortion damage process in a single ion-target system. Later, an
example, in oxide superconducting materials, the defects ireffective method has been further established for analyzing
duced by ion irradiation can strongly pin flux and enhancethe detailed influence of ion velocity on the damage
the critical current density J;) to about two orders of process: The application on the Au-Bsr,CaCyO, irradia-
magnitude~*? In order to understand the mechanisms fortion system shows that there is a critical velocity at which the
such kinds of irradiation-induced changes of physical propdamage efficiency is maximum. Interestingly, in the compar-
erties, first we have to have a good understanding for thég analysis for the existent irradiation data in the target of
evolution of irradiation damage in target materials. yttrium garnet, we found that the changing law of damage

It is known that the degree of irradiation damage stronglyefficiency with ion velocity in light-ion irradiation is much
depends on the stopping powet®/dx) of the incident ion  different from that in heavy-ion irradiatiol?. For the same
in the target, the ion velocity, the crystallographic orientationion velocity, the damage efficiency is much lower in the
of target to the incident ion, the stoichiometry of the target,light-ion irradiation than in the heavy-ion irradiation, indicat-
the perfection of the target crystal, and the thermal conducing the existence of some specific damage behaviors in light-
tivity of the target material as welP Since there are so many ion irradiation.
influence factors, it is very difficult to understand the form-  In this study, we focus on the damage process in light-ion
ing conditions of irradiation damage, as well as the detailedrradiation. Instead of heavy Au- or Pb-ion beams, we used
influence of any factor on the irradiation damage process. relatively light Fe-ion beams to bombard ,Br,CaCyO,

However, it can be found that most of the influence fac-single crystals. The same methods suggested in Refs. 12 and
tors are related to the species of incident ion and the propei3 have been used for analyzing the evolution of irradiation
ties of the detailed target material. That is to say, if fixing thedamage along the ion trace and the velocity dependence of
ion species and the target material to discuss the irradiatiodamage efficiency in Fe-B$r,CaCyO, irradiation system.
damage in the single ion-target irradiation system, things willA similar changing law of damage morphology as in
become much more simple. In this case, most of the influAu-Bi,Sr,CaCyO, irradiation systertf has been observed
ence factors can be treated as constants. The number along the ion trace. Differing from the decreasing damage
changeable influence factors will be decreased to only 2: theize along the ion trace in heavy Au-ion irradiation, the co-
ion velocity and the ion effective charge. Then, the forminglumnar defect size in Fe irradiation almost keeps a constant
conditions of irradiation damage can be fully understoodin a large ion-penetration-depth region. Also, it is surprised
through clarifying the detailed influences of these twothat a critical velocity, which usually appeared in heavy-ion
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irradiation, does not exist in light Fe irradiation. The thresh-method suggested in Ref. 13 has been used.

old of dE/dx for producing columnar defects in Fe irradia-  In the cross-sectional sample preparation, one irradiated
tion was found to be much lower than that in heavy-ionBi,Sr,CaCyO, thin crystal sheet was sandwiched between
irradiation. Then, some theoretical analyses have been doreo silicon pellets and pasted them together by Gatan G1
for explaining the formation of the long columnar defectsglue. Perpendicular to the surface of specimarb(plane,

with uniform column size. Finally, a brief explanation has the pasted specimen was cut into slices alongatbeb axis
been given for the lowed E/dx threshold for producing vis- of the crystal. The slices were then mechanically polished to

ible columnar defects in light Fe irradiation. about 50um, dimpled to about 1@m, and finally ion milled
with a liquid-nitrogen cold stage. The prepared cross-
Il. EXPERIMENTS sectional specimens were examined using a Topcon EM-

002B high-resolution TEM.

The BLSKLCaCyO, bulk samples prepared by the
floating-zone melting methddwere used as the target ma-
terial in the present irradiation experiments. Before the ion Il. RESULTS AND DISCUSSIONS
irradiation the bulk samples were firstly cleaved into crystal ,
sheets with a thickness of several tens of micrometers along™ Changes of damage morphology and columnar defect size
the a-b plane by a scalpel. Subsequently, the crystal sheets along the ion traces
obtained were further cleaved using stick tape to reach a Figure 1 gives a series of bright-field TEM images taken
smooth sample surface and a suitable sample thickness. in different penetration depth regions in 180-MeV Fe-
the present experiments, the sample thickness was controllédadiated BjSr,CaCyO, crystals, showing the change of
to be about 25um according to the estimated penetrationthe irradiation-damage morphology along the ion traces.
range of incident ions in the target material. The finalSimilar to the reported results in the 230-MeV Au-irradiation
cleaved thin crystal sheets were then cut to a size of kase'? the irradiation-damage morphology appears first as
X 2 mn? alonga andb axis for the ion irradiation experi- only parallel columnar defects when the ion energy is very
ments. high. As the incident ion moving in the target and losing its

180-MeV Fe-ion beams were used to irradiate theenergy gradually, we can find some columnar defects de-
Bi,Sr,CaCyO, thin sheets at room temperature. The inci-flected in a large angle due to the strong nuclear collisions of
dent F&" ions were produced in a Tandem accelerator at theéhe high-energy ions with some target atoms. In this case, the
Japan Atomic Energy Research Institute. The incident direciradiation-damage morphology will appear as many parallel
tion of the ion beams was along tkairection (perpendicu- columnar defects mixed with some large-angle-deflected co-
lar to the surface of the thin crystal sheéthe used ion dose lumnar defects. As the ion energy decreases further, the den-
was about 3.3 10 ions/cnf. The depth profile odE/dx  sity of such large-angle-deflected columnar defects becomes
was calculated using a high-energy-extendedp-1code®® higher and higher. When the ion energy decreases to some

The damage sizes for the incident ions at different penspecific value, then we can find that some cascade defects,
etration depths were measured by using a cross-sectiondistributing in order along the columnar defects, are gener-
TEM observation method, which was reported by the authorsited to form another specific damage morphology: cascade-
in Ref. 12. Damage efficiendy), as one of the main param- defect-dotted columnar defects. Later, as the ion energy be-
eters used in this study, is defined through relation come lower and lower, the damage morphology will change
=A/(dE/dx), for describing the relation of the damage to be ordered cascade defects and finally disordered cascade
cross sectioriA) with the stopping powerdE/dx). For ana-  defects. The distributed depth region and the generation con-
lyzing the velocity dependence of damage efficiency, thalitions, such as the required ion energy artidx, for these

TABLE |. Regions of ion penetration depth, ion energy, and stopping power for generating five kinds of defect morphologies in
Fe-irradiated BiSr,CaCyO, crystals.

Depth (um) 0 — 6 — 11 — 13.5 — 16 — 18.5
Fe-ion energyMeV) 180 — 108 — 48 — 22 — 5.1 — 0.6
Stopping powerkeV/nm) 11.7 — 12.3 — 11.3 — 9 — 3.9 — 0.08
Parallel [ J [ ([
columnar defects
Large-angle-deflected ([ [
columnar defects
Ordered [ (]
cascade defects
Disordered ®
cascade defects
Morphologies pure paral. mixed cas.-dotted ordered disordered

of irradiation damage col. def. col. def. col. def. cas. def. cas. def.
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FIG. 1. A series of bright-field images picked out at an equal distance from the images continuously taken along the ion path. The arrow
located at the right side of each image shows the detailed ion penetration depth.

five kinds of irradiation-damage morphologies have been eson penetration path, we can see that the columnar defect size
timated and shown in Table I. is almost uniform with a value of 1.5 nm in radius. Table I
Usually, in the cases of heavy-ion irradiation, the pro-gives a summary of ion energy, ion velocity, stopping power,
duced columnar defect size decreases as the incident ion pemeasured and calculated radii of columnar defect, and dam-
etrates the target crystal and loses its energy gradifalty. age efficiency in each penetration depth region.
the case of light Fe-ion irradiation, however, the columnar
defect size was found to be almost a constant in a large
penetration depth region from the bombarded surface to the
depth of about 13.5um. Figures 2a)—(c) are the high- Similar to the Au irradiation case, the velocity depen-
resolution electron microscoffHREM) images respectively dence of damage efficiency was also analyzed in light Fe-
taken at the ion-penetration depths of about(@®und sur- irradiated BjSr,CaCyO, crystals. The detailed data were
face, 6, and 13.5um, showing the similar size of columnar already shown in Table Il. As a comparison, the damage
defect in three very different regions of penetration depthefficiency-velocity €-v) curve has been drawn together
The detailed distribution of the columnar defect size againswvith two publishede-v curves in the heavy-ion irradiation
the ion penetration depth is shown by Fig. 3. In the wholecases and all the curves are shown by Fig. 4. It can be found

B. Velocity dependence of damage efficiency



PRB 61 LONG COLUMNAR DEFECTS WITH CONSTANT COLUMN . .. 15 445

._
9]
T
—e—
——
—e—
—e—i
—e—1
—e—1
—e—i
—e—i
——t
——
—e—i
—e—i
]
—e—i

4
wr
T

Radius of Columnar Defect (nm)

0 X ! 1 1 L | i 1 1 1 L 1

0 2 4 6 8 10 12 14
Penetration Depth (pm)

FIG. 3. The distribution of the columnar defect size with the ion
penetration depth in 180-MeV Fe-irradiated,8,CaCyO, crys-
tals. The error bar gives the real distribution region for the columnar
defect size in each ion penetration depth region.

C. Analysis of the changing law of damage size
along the ion traces

1. A suggested method

Since the discovery of the strong dependence of irradia-
tion damage on ion velocit}?1*~8it has been known that
the most commonly used parameter, stopping power
(dE/dx), is not a suitable one for describing the damage
degree in the ion-irradiated materials. Since then, all the re-
searchers in this field have had to face a challenge for rede-
fining some other suitable parameters to describe the damage
degree. Even though some attempts have already made by
Studer, Meftah, and co-worket$;?! unfortunately some
shortages still exist in all the defined parameters.

Here we suggest a method to estimate the damage degree,
especially the changing law of damage size along the ion
trace. In this method, two kinds of parameters have been
used. One is the radial distribution curve of the deposited
energy densityD(r)-r curve. The second is the minimum
by _ T - value of deposited energy density for producing permanent
R o ; gt sl o s damage in the target materiél,. For a given ion-target
A g By . g i system, we can calculate the radial distribution of the depos-

Syl g i Myt : ited energy densit (r) for the ion with a given velocity by

‘ g - ~ : using the method suggested by Zh#Zngnd Waligaski,
Hamm, and KatZ®> When D,, as a material constant, is
known, from theD(r)-r curve we can find a value of r,
at which the correspondin®(ry) equalsDy. When the
value ofr is larger thanrg, the value ofD(r) will be less
thanD,. This means that no permanent damage will be pro-
duced in the area where the radial distance from the ion path
is larger thanry. Therefore, theoretically;,, should corre-

FIG. 2. HREM images respectively taken at penetration depth§p°nd, to the damage r_adius of thg incidenF ion in the tqrget
of about(a) 0.5 um, (b) 6 um, and(c) 13.5 um along the ion path, material. For the ion with a changing velocity along the ion

showing the columnar defect sizes in different ion penetration deptlﬁ)athu simila_rly, we can calc_ulate a SeriesD?(r)-r curves.
regions. Then, a series of damage sizes can be estimated. Combining

the values of ion velocity with the estimated damage sizes,
that the peak of damage efficiency, usually existing in thewe can understand the changing law of damage size with ion
low velocity region in the cases of heavy-ion irradiation, velocity along the ion path. Since the ion velocity at each ion
does not appear in the light Fe-ion irradiation case. Insteadyenetration depth can be estimated, the changing law of
on thee-v curve, there is a long plateau of damage effi-damage size with the ion penetration depth can be also un-
ciency appeared in a large region of ion velocity. derstood.
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TABLE II. The distributions for the ion energy, ion velocity, stopping power, measured columnar defect
radius, calculated columnar defect radius, and the damage effidienagainst the ion penetration depth in
Fe-irradiated BiSr,CaCuyO, crystals.

Depth Energy Energy Velocity dE/dx Measuredr  Calculatedr €
(um) (MeV) (MeV/amy (c) (keV/nm) (nm) (nm) (nm/keV)
0 180 3.22 0.083 11.7 1.7 1.55 0.801
1 168 3.01 0.08 11.8 1.7 1.55 0.794
2 156 2.79 0.077 11.9 1.65 1.575 0.742
3 144 2.58 0.074 12.1 1.6 1.575 0.686
4 132 2.36 0.071 12.2 1.6 1.6 0.68
5 120 2.15 0.068 12.3 1.6 1.625 0.675
6 108 1.93 0.064 12.3 1.6 1.625 0.675
7 95.4 1.71 0.061 12.3 1.6 1.625 0.675
8 83.1 1.49 0.056 12.2 1.6 1.65 0.68
9 70.3 1.26 0.052 12 1.55 1.65 0.649
10 59 1.06 0.048 11.8 1.55 1.65 0.66
11 47.4 0.85 0.043 11.3 15 1.625 0.645
12 36.4 0.65 0.037 10.7 15 1.6 0.682
13 26.6 0.48 0.032 9.67 15 1.575 0.754
135 22 0.39 0.029 9 14 1.425 0.706

It should be mentioned that this method is valid for ana-traces in both Au- and Fe-irradiated,Bi,CaCuO, crystals.
lyzing the changing law of the damage size along the iorFigures 5 and 6 show two sets of calculaie@ )-r curves in
traces. For the quantitative estimation of the damage size ithe cases of 230-MeV Au-ion and 180-MeV Fe-ion irradia-
the target materials, however, we still need to solve somgon, respectively. Looking at the distribution d(r)-r
problems. First, we have to develop a suitable method t@urves in Fig. 5, for the heavy Au irradiation, all the curves
measure the value dd, accurately. Also, we still need to are separated and well ordered by ion energy. For one given
improve the method to estimate tBYr)-r curve more ac- value ofD,, the corresponding values of is systematically
curately. smaller as the ion energy gradually decreases from 200 to 50
MeV along the ion trace. The largest difference gfs about
2 nm. The changing law of the damage size in the theoretic
estimation agrees with the experiment results in Ref. 12.

Using the method suggested above, we theoretically ana- For the light Fe irradiation, however, all the curves are
lyzed the changing laws of the damage sizes along the iodistributed very closely and cross each otlieig. 6). The

2. Applications on Au- and FeBi,Sr,CaCu,0,
irradiation systems

7
0.6
o Fe-Bi2212 ]
6 L % Xe.YIG 200 MeV
o Au-Bi2212 ~8-172 MeV
—o-121 MeV
5F —4—-98 MeV
A —*—77 MeV
0.4 ——59 MeV

——50 MeV

Damage Efficiency (nm?3/keV)

* s ...ocoon'“

Deposited Energy Density ( KeV/nm3)

0 0.05 0.1 0.15 0.2

Ton Velocity (c) 1 2 3 4 5 6 7
Radius (nm)

FIG. 4. The velocity dependence of damage efficiency in single
ion-target irradiation systems. The solid dots are for FIG. 5. A series of calculated curves for the radial distribution
Fe-BpLSL,CaCyO, irradiation system, the circles for of the deposited energy density in,Bi,CaCyO, crystal for the Au
Au-Bi,SrL,CaCuy0O, irradiation system, and the crosses for Xe-YIG ions with energies from 200 to 50 MeV. The covered penetration
irradiation system. YIG is the yttrium garnet for short. The velocity depth region is from 0 to 7..xm. All the curves are dispersed in
of light (c) is used as the unit of ion velocity. order as ion energy decreases along the ion path.
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0.5 other hand, if the losing rate of ion-energy is given, the de-

— 180 MeV creasing rate for the ion velocity will be inversely propor-
—=— 156 MeV tional to the ion mass. Therefore, when a lighter ion loses a
- -~ 132 MeV same amount of energy, the ion velocity will decrease faster.
0.4 4108 MeV To sum up, there are two features for the light ion moving
I 83 Mev in the target: a relative slow decreased@/dx and a relative
——47.4 MeV

fast decrease of ion velocity along the ion trace. The first

~6-26.6 MeV ; S
¢ feature decides that the distribution of the columnar defect

0.3 1 size along the ion trace will be more uniform when a lighter
(03%) incident ion is used. The second feature indicates that the

influence of ion velocity on th®(r)-r curves will be rela-
tively stronger in the light-ion irradiation. In some specific
light-ion irradiation system, the slow decrease of the colum-
nar defect size, caused by the slow decreas#Edtix along

the ion trace, can be compensated by the influence of the

0.2

Deposited Energy Density (keV/nm?)

0.1 e BN CHmEm— rapid decrease of ion velocity. This kind of compensation
1 1112 13 14 15 16 17 18 19 2 process can be seen from the close and cross distribution of
Radius (am) theD(r)-r curves in Fig. 6. Then the long columnar defects

with constant columnar size can be observed as in the case of
FIG. 6. A series of calculated curves for the radial distributionthis study. We believe that this kind of specific damage mor-
of the deposited energy density in,Bi,CaCyO, crystal for the Fe  phology is a general phenomenon, which can be also ob-

ion with energies from 180 to 26.6 MeV. The covered penetrationserved in other kind of light-ion—target irradiation systems.
depth region is from 0 to 1@m. All the curves are distributed very

closely and crossed each other. The arrow gives the position of each
cross point. E. Decrease ofdE/dx threshold in light-ion irradiation

To pre-estimate the damage morphology in the target ma-
terial is very important for all the applications of ion irradia-
tion. Some thresholds for producing different kinds of dam-

. . . ~" age morphologies just provide us with some discriminatory
Experimentally, such a small difference ij is hard to de criteria for the correct estimation. One of the well-known

tect. Therefore We can approximately takga; a constant, thresholds is thelE/dx threshold for generating minimum
This result implies that the columnar defect size praduced b3(/isible columnar defects in the given target material. It is

the Fe ion will be a constant, which agrees well with theclear that the detailed value of th@dE/dx threshold is

?8( g%”lrg; e\:/r}:]:%s l:: Elhoswg '2;2'2 sltsu?gu Tr?le :zz:jn;fgléfgm closely related to the detailed target material. For example, it

thé experimental da?a .in Fe-ion irradiat‘?ony Some error prob-needs avery highl E/dx threshold for producmg columnar

ably exists, but in this study we just use it.as a reference fogefeCtS in metals. Hov_vever, for producing columnar defects
S ! . In insulators and semiconductors, ti&/dx thresholds are

convenience in our discussion.

much lower.

For Bi,Sr,CaCyO, single crystals in heavy-ion irradia-
tion conditions, the value of theE/dx threshold has already
reported to be-16 keV/nm*??425Just because the fact that

In last section, theoretically, we have identified the possithe similar values o8l E/dx thresholds were obtained in dif-
bility for the existence of the long columnar defects with ferent kinds of heavy-ion irradiation, people usually take this
constant columnar size along the ion path in the Fe-irradiatethreshold as a material constant. In this study, we made an
Bi,Sr,CaCyO, crystal. Also, it has been confirmed that this attempt at measuring the value®&/dx in light-ion irradia-
kind of damage morphology is a specific phenomenon irtion. As shown in Fig. 1, we can clearly see the columnar
light-ion irradiation, which can never appear in heavy-iondefect existing in the depth region around 1a%. Combin-
irradiation. Based on this theoretic analysis, here we try tang with the depth profile of stopping power calculated by
give a brief explanation for how the constant-size columnathe extendedpeP-1codel® the threshold oflE/dx in light
defects are produced in light-ion irradiation. Fe ion irradiation can be estimated and the detailed value is

It is known that, for a given target materialE/dx, ion about 9 keV/nm, which is much lower than the reported
velocity, and ion effective charge are three changeable facsalue in the case of heavy-ion irradiation. This implies that
tors to decide the evolution of irradiation damage along thehe dE/dx threshold is not a material constant but related to
ion traces, which are all closely related to the species ofhe incident ion species.
incident ion. For the light ion, the lower charge of its nucleus The relation ofd E/dx threshold with the incident ion spe-
decides that the ion effective charge will be also lower whercies can be briefly understood as follows. When the incident
it moves in the target. Therefore the resistance from the taiion, as a charged particle moving in the target, the energy
get electrons will be also weaker. This means that the lightoss rate  E/dx) will change with the changes of ion effec-
ion will lose its energy more slowly in the target and the tive charge and ion velocity along the ion trace. For a given
value of dE/dx will be lower, which will further cause value of ion velocity, a heavier ion usually has a higher ion
dE/dx decreasing more slowly along the ion trace. On theeffective charg® and the energy loss ratelE/dx) in the

corresponding value ofy is no longer ordered by the ion
energy. For one given value &f;, the largest difference of
ro is only about 0.1 nmysth that in the Au irradiation case.

D. Origin for the formation of the constant columnar
defect size
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target is also higher. As a result, the produced columnar daisually observed in the heavy-ion irradiation does not exist
fect size will be larger. Inversely, for producing a columnarin the light-ion irradiation. In addition, thd E/dx threshold
defect with the same size, the required ion velocity will beto produce the columnar defect in,Bi,CaCyO, crystals in
lower for a heavier incident ion. light Fe-ion irradiation(~9 keV/nm) is much lower than that
According to our previous research resdftsn the low-  in heavy-ion irradiation(~16 keV/nn.
ion velocity region, a lower ion velocity means a lower dam- In order to understand the origins for the appeared spe-
age efficiency. Therefore we can further deduce that, for difcific damage behaviors in light Fe-ion irradiation, a system-
ferent ion to produce a visible columnar defect with the sameatic calculation was done for the radial distributions of the
size in the same target material, the damage efficiency willleposited energy densitfa(r)-r curves, of Fe ions in dif-
be lower for the heavier ion. For example, for producing aferent penetration depth regions along the ion traces. Then,
columnar defect of 1.4 nm in radius in Bir,CaCyO, single  the required minimum value of deposited energy density to
crystal, the damage efficiency-ig0.706 nni/keV for Fe ions  produce permanent damage in the target mateig) ( as a
as shown in Table Il but-0.39 nni/keV for Au ions!® material constant, has been introduced. Combining the cal-
The dE/dx threshold can be connected with the damageculatedD(r)-r curves and the material constddyg, a valid
efficiency(e) through the relatiom = A/(dE/dx), but hereA  method has been suggested to analyze the changing law of
corresponds to the minimum size of the visible columnarthe damage size along the ion trace. The applications on Fe-
defect produced by incident ion in the target. Since this mini-and Au-B,Sr,CaCyO, irradiation systems and the obtained
mum size of columnar defect is a material constant and freeesults theoretically identified the possibility for the exis-
from the change of ion species, tlok=/dx threshold will  tence of a constant columnar defect size along the ion trace.
depend inversely as the damage efficiency. As mentionelt has been also confirmed that this kind of phenomenon can
above, for producing a columnar defect with the same sizepnly occur in light-ion irradiation and not in heavy-ion irra-
the damage efficiency is lower for the heavier ion. Thereforadiation. A qualitative analysis for the threshold of stopping
we can further understand that td&/dx threshold will be  power has also been done and the result proves that the
higher for the heavier ion in a given target material. Fromthreshold of stopping power is not a material constant but
this, we can finally understand why tlad=/dx threshold for  decreases as the mass of incident ion decreases. From this,
producing columnar defects is higher for heavy Au ions tharwe can further understand why the threshold of stopping
for light Fe ions. The detailed analyzing process can be seepower is lower in light Fe irradiation.
elsewheré’
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