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Long columnar defects with constant column size in 180-MeV Fe-irradiated
Bi2Sr2CaCu2Ox crystals

Daxiang Huang* and Yukichi Sasaki
Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456-8587, Japan

Izumi Hirabayashi
Superconductivity Research Laboratory, ISTEC, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456-8785, Japan

Yuichi Ikuhara
Department of Materials Science, University of Tokyo, Tokyo 113, Japan
~Received 19 April 1999; revised manuscript received 2 February 2000!

180-MeV Fe ion beams were used to bombard the Bi2Sr2CaCu2Ox 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-irradiated Bi2Sr2CaCu2Ox 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.
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I. INTRODUCTION

Ion irradiation has been widely used to artificially intr
duce some specific defect structures in target materials
modifying the physical properties of target materials. F
example, in oxide superconducting materials, the defects
duced by ion irradiation can strongly pin flux and enhan
the critical current density (Jc) to about two orders of
magnitude.1–12 In order to understand the mechanisms
such kinds of irradiation-induced changes of physical pr
erties, first we have to have a good understanding for
evolution of irradiation damage in target materials.

It is known that the degree of irradiation damage stron
depends on the stopping power (dE/dx) of the incident ion
in the target, the ion velocity, the crystallographic orientat
of target to the incident ion, the stoichiometry of the targ
the perfection of the target crystal, and the thermal cond
tivity of the target material as well.10 Since there are so man
influence factors, it is very difficult to understand the form
ing conditions of irradiation damage, as well as the deta
influence of any factor on the irradiation damage proces

However, it can be found that most of the influence fa
tors are related to the species of incident ion and the pro
ties of the detailed target material. That is to say, if fixing t
ion species and the target material to discuss the irradia
damage in the single ion-target irradiation system, things
become much more simple. In this case, most of the in
ence factors can be treated as constants. The numbe
changeable influence factors will be decreased to only 2:
ion velocity and the ion effective charge. Then, the formi
conditions of irradiation damage can be fully understo
through clarifying the detailed influences of these tw
PRB 610163-1829/2000/61~22!/15442~8!/$15.00
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changeable factors on irradiation damage process.
Recently, we have introduced a cross-sectional obse

tion method12 to measure the damage size continuou
along the ion trace, which enables us to analyze the irra
tion damage process in a single ion-target system. Later
effective method has been further established for analyz
the detailed influence of ion velocity on the dama
process.13 The application on the Au-Bi2Sr2CaCu2Ox irradia-
tion system shows that there is a critical velocity at which
damage efficiency is maximum. Interestingly, in the comp
ing analysis for the existent irradiation data in the target
yttrium garnet, we found that the changing law of dama
efficiency with ion velocity in light-ion irradiation is much
different from that in heavy-ion irradiation.13 For the same
ion velocity, the damage efficiency is much lower in th
light-ion irradiation than in the heavy-ion irradiation, indica
ing the existence of some specific damage behaviors in li
ion irradiation.

In this study, we focus on the damage process in light-
irradiation. Instead of heavy Au- or Pb-ion beams, we us
relatively light Fe-ion beams to bombard Bi2Sr2CaCu2Ox
single crystals. The same methods suggested in Refs. 12
13 have been used for analyzing the evolution of irradiat
damage along the ion trace and the velocity dependenc
damage efficiency in Fe-Bi2Sr2CaCu2Ox irradiation system.
A similar changing law of damage morphology as
Au-Bi2Sr2CaCu2Ox irradiation system12 has been observe
along the ion trace. Differing from the decreasing dama
size along the ion trace in heavy Au-ion irradiation, the c
lumnar defect size in Fe irradiation almost keeps a cons
in a large ion-penetration-depth region. Also, it is surpris
that a critical velocity, which usually appeared in heavy-i
15 442 ©2000 The American Physical Society
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PRB 61 15 443LONG COLUMNAR DEFECTS WITH CONSTANT COLUMN . . .
irradiation, does not exist in light Fe irradiation. The thres
old of dE/dx for producing columnar defects in Fe irradi
tion was found to be much lower than that in heavy-i
irradiation. Then, some theoretical analyses have been d
for explaining the formation of the long columnar defec
with uniform column size. Finally, a brief explanation h
been given for the lowerdE/dx threshold for producing vis-
ible columnar defects in light Fe irradiation.

II. EXPERIMENTS

The Bi2Sr2CaCu2Ox bulk samples prepared by th
floating-zone melting method14 were used as the target m
terial in the present irradiation experiments. Before the
irradiation the bulk samples were firstly cleaved into crys
sheets with a thickness of several tens of micrometers a
the a-b plane by a scalpel. Subsequently, the crystal sh
obtained were further cleaved using stick tape to reac
smooth sample surface and a suitable sample thicknes
the present experiments, the sample thickness was contr
to be about 25mm according to the estimated penetrati
range of incident ions in the target material. The fin
cleaved thin crystal sheets were then cut to a size o
32 mm2 along a and b axis for the ion irradiation experi
ments.

180-MeV Fe-ion beams were used to irradiate
Bi2Sr2CaCu2Ox thin sheets at room temperature. The in
dent Fe81 ions were produced in a Tandem accelerator at
Japan Atomic Energy Research Institute. The incident dir
tion of the ion beams was along thec direction~perpendicu-
lar to the surface of the thin crystal sheet!. The used ion dose
was about 3.331011 ions/cm2. The depth profile ofdE/dx
was calculated using a high-energy-extendedEDEP-1code.15

The damage sizes for the incident ions at different p
etration depths were measured by using a cross-sect
TEM observation method, which was reported by the auth
in Ref. 12. Damage efficiency~«!, as one of the main param
eters used in this study, is defined through relation«
5A/(dE/dx), for describing the relation of the damag
cross section~A! with the stopping power (dE/dx). For ana-
lyzing the velocity dependence of damage efficiency,
-

ne

n
l
ng
ts
a
In

led

l
1

e
-
e
c-

-
al

rs

e

method suggested in Ref. 13 has been used.
In the cross-sectional sample preparation, one irradia

Bi2Sr2CaCu2Ox thin crystal sheet was sandwiched betwe
two silicon pellets and pasted them together by Gatan
glue. Perpendicular to the surface of specimen (a-b plane!,
the pasted specimen was cut into slices along thea or b axis
of the crystal. The slices were then mechanically polished
about 50mm, dimpled to about 10mm, and finally ion milled
with a liquid-nitrogen cold stage. The prepared cro
sectional specimens were examined using a Topcon E
002B high-resolution TEM.

III. RESULTS AND DISCUSSIONS

A. Changes of damage morphology and columnar defect size
along the ion traces

Figure 1 gives a series of bright-field TEM images tak
in different penetration depth regions in 180-MeV F
irradiated Bi2Sr2CaCu2Ox crystals, showing the change o
the irradiation-damage morphology along the ion trac
Similar to the reported results in the 230-MeV Au-irradiatio
case,12 the irradiation-damage morphology appears first
only parallel columnar defects when the ion energy is v
high. As the incident ion moving in the target and losing
energy gradually, we can find some columnar defects
flected in a large angle due to the strong nuclear collision
the high-energy ions with some target atoms. In this case,
irradiation-damage morphology will appear as many para
columnar defects mixed with some large-angle-deflected
lumnar defects. As the ion energy decreases further, the
sity of such large-angle-deflected columnar defects beco
higher and higher. When the ion energy decreases to s
specific value, then we can find that some cascade def
distributing in order along the columnar defects, are gen
ated to form another specific damage morphology: casca
defect-dotted columnar defects. Later, as the ion energy
come lower and lower, the damage morphology will chan
to be ordered cascade defects and finally disordered cas
defects. The distributed depth region and the generation c
ditions, such as the required ion energy anddE/dx, for these
gies in
TABLE I. Regions of ion penetration depth, ion energy, and stopping power for generating five kinds of defect morpholo
Fe-irradiated Bi2Sr2CaCu2Ox crystals.

Depth ~mm! 0 → 6 → 11 → 13.5 → 16 → 18.5
Fe-ion energy~MeV! 180 → 108 → 48 → 22 → 5.1 → 0.6
Stopping power~keV/nm! 11.7 → 12.3 → 11.3 → 9 → 3.9 → 0.08

Parallel
columnar defects

d d d

Large-angle-deflected
columnar defects

d d

Ordered
cascade defects

d d

Disordered
cascade defects

d

Morphologies
of irradiation damage

pure paral.
col. def.

mixed
col. def.

cas.-dotted
col. def.

ordered
cas. def.

disordered
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. T
located at the right side of each image shows the detailed ion penetration depth.
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five kinds of irradiation-damage morphologies have been
timated and shown in Table I.

Usually, in the cases of heavy-ion irradiation, the p
duced columnar defect size decreases as the incident ion
etrates the target crystal and loses its energy gradually.12 In
the case of light Fe-ion irradiation, however, the column
defect size was found to be almost a constant in a la
penetration depth region from the bombarded surface to
depth of about 13.5mm. Figures 2~a!–~c! are the high-
resolution electron microscopy~HREM! images respectively
taken at the ion-penetration depths of about 0.5~around sur-
face!, 6, and 13.5mm, showing the similar size of columna
defect in three very different regions of penetration dep
The detailed distribution of the columnar defect size aga
the ion penetration depth is shown by Fig. 3. In the wh
s-
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r
e
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.
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e

ion penetration path, we can see that the columnar defect
is almost uniform with a value of;1.5 nm in radius. Table II
gives a summary of ion energy, ion velocity, stopping pow
measured and calculated radii of columnar defect, and d
age efficiency in each penetration depth region.

B. Velocity dependence of damage efficiency

Similar to the Au irradiation case, the velocity depe
dence of damage efficiency was also analyzed in light
irradiated Bi2Sr2CaCu2Ox crystals. The detailed data wer
already shown in Table II. As a comparison, the dama
efficiency-velocity («-v) curve has been drawn togeth
with two published«-v curves in the heavy-ion irradiation
cases and all the curves are shown by Fig. 4. It can be fo
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PRB 61 15 445LONG COLUMNAR DEFECTS WITH CONSTANT COLUMN . . .
that the peak of damage efficiency, usually existing in
low velocity region in the cases of heavy-ion irradiatio
does not appear in the light Fe-ion irradiation case. Inste
on the «-v curve, there is a long plateau of damage e
ciency appeared in a large region of ion velocity.

FIG. 2. HREM images respectively taken at penetration dep
of about~a! 0.5 mm, ~b! 6 mm, and~c! 13.5mm along the ion path,
showing the columnar defect sizes in different ion penetration de
regions.
e
,
d,
-

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 irrad
tion damage on ion velocity,13,16–18it has been known tha
the most commonly used parameter, stopping pow
(dE/dx), is not a suitable one for describing the dama
degree in the ion-irradiated materials. Since then, all the
searchers in this field have had to face a challenge for re
fining some other suitable parameters to describe the dam
degree. Even though some attempts have already mad
Studer, Meftah, and co-workers,18–21 unfortunately some
shortages still exist in all the defined parameters.

Here we suggest a method to estimate the damage de
especially the changing law of damage size along the
trace. In this method, two kinds of parameters have b
used. One is the radial distribution curve of the deposi
energy density,D(r )-r curve. The second is the minimum
value of deposited energy density for producing perman
damage in the target materialD0 . For a given ion-target
system, we can calculate the radial distribution of the dep
ited energy densityD(r ) for the ion with a given velocity by
using the method suggested by Zhang22 and Waligórski,
Hamm, and Katz.23 When D0 , as a material constant, i
known, from theD(r )-r curve we can find a value ofr , r 0 ,
at which the correspondingD(r 0) equalsD0 . When the
value of r is larger thanr 0 , the value ofD(r ) will be less
thanD0 . This means that no permanent damage will be p
duced in the area where the radial distance from the ion p
is larger thanr 0 . Therefore, theoretically,r 0 should corre-
spond to the damage radius of the incident ion in the tar
material. For the ion with a changing velocity along the i
path, similarly, we can calculate a series ofD(r )-r curves.
Then, a series of damage sizes can be estimated. Comb
the values of ion velocity with the estimated damage siz
we can understand the changing law of damage size with
velocity along the ion path. Since the ion velocity at each
penetration depth can be estimated, the changing law
damage size with the ion penetration depth can be also
derstood.

s

th

FIG. 3. The distribution of the columnar defect size with the i
penetration depth in 180-MeV Fe-irradiated Bi2Sr2CaCu2Ox crys-
tals. The error bar gives the real distribution region for the colum
defect size in each ion penetration depth region.
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TABLE II. The distributions for the ion energy, ion velocity, stopping power, measured columnar d
radius, calculated columnar defect radius, and the damage efficiency~«! against the ion penetration depth
Fe-irradiated Bi2Sr2CaCu2Ox crystals.

Depth
~mm!

Energy
~MeV!

Energy
~MeV/amu!

Velocity
~c!

dE/dx
~keV/nm!

Measuredr
~nm!

Calculatedr
~nm!

«
~nm3/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 1.5 1.625 0.645
12 36.4 0.65 0.037 10.7 1.5 1.6 0.682
13 26.6 0.48 0.032 9.67 1.5 1.575 0.754

13.5 22 0.39 0.029 9 1.4 1.425 0.706
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It should be mentioned that this method is valid for an
lyzing the changing law of the damage size along the
traces. For the quantitative estimation of the damage siz
the target materials, however, we still need to solve so
problems. First, we have to develop a suitable method
measure the value ofD0 accurately. Also, we still need to
improve the method to estimate theD(r )-r curve more ac-
curately.

2. Applications on Au- and Fe-Bi 2Sr2CaCu2Ox

irradiation systems

Using the method suggested above, we theoretically a
lyzed the changing laws of the damage sizes along the

FIG. 4. The velocity dependence of damage efficiency in sin
ion-target irradiation systems. The solid dots are
Fe-Bi2Sr2CaCu2Ox irradiation system, the circles fo
Au-Bi2Sr2CaCu2Ox irradiation system, and the crosses for Xe-YI
irradiation system. YIG is the yttrium garnet for short. The veloc
of light ~c! is used as the unit of ion velocity.
-
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traces in both Au- and Fe-irradiated Bi2Sr2CaCu2Ox crystals.
Figures 5 and 6 show two sets of calculatedD(r )-r curves in
the cases of 230-MeV Au-ion and 180-MeV Fe-ion irrad
tion, respectively. Looking at the distribution ofD(r )-r
curves in Fig. 5, for the heavy Au irradiation, all the curv
are separated and well ordered by ion energy. For one g
value ofD0 , the corresponding values ofr 0 is systematically
smaller as the ion energy gradually decreases from 200 t
MeV along the ion trace. The largest difference ofr 0 is about
2 nm. The changing law of the damage size in the theor
estimation agrees with the experiment results in Ref. 12.

For the light Fe irradiation, however, all the curves a
distributed very closely and cross each other~Fig. 6!. The

e
r FIG. 5. A series of calculated curves for the radial distributi
of the deposited energy density in Bi2Sr2CaCu2Ox crystal for the Au
ions with energies from 200 to 50 MeV. The covered penetrat
depth region is from 0 to 7.5mm. All the curves are dispersed i
order as ion energy decreases along the ion path.
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corresponding value ofr 0 is no longer ordered by the io
energy. For one given value ofD0 , the largest difference o
r 0 is only about 0.1 nm,120 th that in the Au irradiation case
Experimentally, such a small difference ofr 0 is hard to de-
tect. Therefore we can approximately taker 0 as a constant
This result implies that the columnar defect size produced
the Fe ion will be a constant, which agrees well with t
experiment result shown in this study. The used value ofD0
~0.26 keV/nm3! in Figs. 5 and 6 is roughly estimated from
the experimental data in Fe-ion irradiation. Some error pr
ably exists, but in this study we just use it as a reference
convenience in our discussion.

D. Origin for the formation of the constant columnar
defect size

In last section, theoretically, we have identified the pos
bility for the existence of the long columnar defects w
constant columnar size along the ion path in the Fe-irradia
Bi2Sr2CaCu2Ox crystal. Also, it has been confirmed that th
kind of damage morphology is a specific phenomenon
light-ion irradiation, which can never appear in heavy-i
irradiation. Based on this theoretic analysis, here we try
give a brief explanation for how the constant-size colum
defects are produced in light-ion irradiation.

It is known that, for a given target material,dE/dx, ion
velocity, and ion effective charge are three changeable
tors to decide the evolution of irradiation damage along
ion traces, which are all closely related to the species
incident ion. For the light ion, the lower charge of its nucle
decides that the ion effective charge will be also lower wh
it moves in the target. Therefore the resistance from the
get electrons will be also weaker. This means that the li
ion will lose its energy more slowly in the target and t
value of dE/dx will be lower, which will further cause
dE/dx decreasing more slowly along the ion trace. On

FIG. 6. A series of calculated curves for the radial distributi
of the deposited energy density in Bi2Sr2CaCu2Ox crystal for the Fe
ion with energies from 180 to 26.6 MeV. The covered penetrati
depth region is from 0 to 13mm. All the curves are distributed ver
closely and crossed each other. The arrow gives the position of
cross point.
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other hand, if the losing rate of ion-energy is given, the d
creasing rate for the ion velocity will be inversely propo
tional to the ion mass. Therefore, when a lighter ion lose
same amount of energy, the ion velocity will decrease fas

To sum up, there are two features for the light ion movi
in the target: a relative slow decrease ofdE/dx and a relative
fast decrease of ion velocity along the ion trace. The fi
feature decides that the distribution of the columnar def
size along the ion trace will be more uniform when a ligh
incident ion is used. The second feature indicates that
influence of ion velocity on theD(r )-r curves will be rela-
tively stronger in the light-ion irradiation. In some specifi
light-ion irradiation system, the slow decrease of the colu
nar defect size, caused by the slow decrease ofdE/dx along
the ion trace, can be compensated by the influence of
rapid decrease of ion velocity. This kind of compensati
process can be seen from the close and cross distributio
theD(r )-r curves in Fig. 6. Then the long columnar defec
with constant columnar size can be observed as in the cas
this study. We believe that this kind of specific damage m
phology is a general phenomenon, which can be also
served in other kind of light-ion–target irradiation system

E. Decrease ofdEÕdx threshold in light-ion irradiation

To pre-estimate the damage morphology in the target
terial is very important for all the applications of ion irradia
tion. Some thresholds for producing different kinds of da
age morphologies just provide us with some discriminat
criteria for the correct estimation. One of the well-know
thresholds is thedE/dx threshold for generating minimum
visible columnar defects in the given target material. It
clear that the detailed value of thisdE/dx threshold is
closely related to the detailed target material. For exampl
needs a very highdE/dx threshold for producing columna
defects in metals. However, for producing columnar defe
in insulators and semiconductors, thedE/dx thresholds are
much lower.

For Bi2Sr2CaCu2Ox single crystals in heavy-ion irradia
tion conditions, the value of thedE/dx threshold has already
reported to be;16 keV/nm.12,24,25Just because the fact tha
the similar values ofdE/dx thresholds were obtained in dif
ferent kinds of heavy-ion irradiation, people usually take t
threshold as a material constant. In this study, we made
attempt at measuring the value ofdE/dx in light-ion irradia-
tion. As shown in Fig. 1, we can clearly see the column
defect existing in the depth region around 13.5mm. Combin-
ing with the depth profile of stopping power calculated
the extendedEDEP-1 code,15 the threshold ofdE/dx in light
Fe ion irradiation can be estimated and the detailed valu
about 9 keV/nm, which is much lower than the report
value in the case of heavy-ion irradiation. This implies th
the dE/dx threshold is not a material constant but related
the incident ion species.

The relation ofdE/dx threshold with the incident ion spe
cies can be briefly understood as follows. When the incid
ion, as a charged particle moving in the target, the ene
loss rate (dE/dx) will change with the changes of ion effec
tive charge and ion velocity along the ion trace. For a giv
value of ion velocity, a heavier ion usually has a higher i
effective charge26 and the energy loss rate (dE/dx) in the

-
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target is also higher. As a result, the produced columnar
fect size will be larger. Inversely, for producing a column
defect with the same size, the required ion velocity will
lower for a heavier incident ion.

According to our previous research results,13 in the low-
ion velocity region, a lower ion velocity means a lower da
age efficiency. Therefore we can further deduce that, for
ferent ion to produce a visible columnar defect with the sa
size in the same target material, the damage efficiency
be lower for the heavier ion. For example, for producing
columnar defect of 1.4 nm in radius in Bi2Sr2CaCu2Ox single
crystal, the damage efficiency is;0.706 nm3/keV for Fe ions
as shown in Table II but;0.39 nm3/keV for Au ions.13

The dE/dx threshold can be connected with the dama
efficiency~«! through the relation«5A/(dE/dx), but hereA
corresponds to the minimum size of the visible column
defect produced by incident ion in the target. Since this m
mum size of columnar defect is a material constant and
from the change of ion species, thedE/dx threshold will
depend inversely as the damage efficiency. As mentio
above, for producing a columnar defect with the same s
the damage efficiency is lower for the heavier ion. Theref
we can further understand that thedE/dx threshold will be
higher for the heavier ion in a given target material. Fro
this, we can finally understand why thedE/dx threshold for
producing columnar defects is higher for heavy Au ions th
for light Fe ions. The detailed analyzing process can be s
elsewhere.27

IV. CONCLUSIONS

The damage behaviors for the high-energy light Fe ion
Bi2Sr2CaCu2Ox crystals have been investigated by usi
cross-sectional high-resolution electron microscopy. Diff
ing from the decreasing columnar defect size along the
path in heavy-ion irradiation, the size of the columnar def
in light Fe ion irradiation can be a constant in a large reg
of ion penetration depth. Also, the peak of damage efficie
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usually observed in the heavy-ion irradiation does not e
in the light-ion irradiation. In addition, thedE/dx threshold
to produce the columnar defect in Bi2Sr2CaCu2Ox crystals in
light Fe-ion irradiation~;9 keV/nm! is much lower than that
in heavy-ion irradiation~;16 keV/nm!.

In order to understand the origins for the appeared s
cific damage behaviors in light Fe-ion irradiation, a syste
atic calculation was done for the radial distributions of t
deposited energy density,D(r )-r curves, of Fe ions in dif-
ferent penetration depth regions along the ion traces. Th
the required minimum value of deposited energy density
produce permanent damage in the target material (D0), as a
material constant, has been introduced. Combining the
culatedD(r )-r curves and the material constantD0 , a valid
method has been suggested to analyze the changing la
the damage size along the ion trace. The applications on
and Au-Bi2Sr2CaCu2Ox irradiation systems and the obtaine
results theoretically identified the possibility for the exi
tence of a constant columnar defect size along the ion tr
It has been also confirmed that this kind of phenomenon
only occur in light-ion irradiation and not in heavy-ion irra
diation. A qualitative analysis for the threshold of stoppi
power has also been done and the result proves that
threshold of stopping power is not a material constant
decreases as the mass of incident ion decreases. From
we can further understand why the threshold of stopp
power is lower in light Fe irradiation.
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