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Irradiation-induced oxygen knock-out and its role in bismuth cuprate superconductors
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Charged particle irradiations have been carried out on Bi-2212 and Pb-doped Bi-2223 with 40-MeVa
particles and 15-MeV protons. The purpose was to investigate the knock-out of oxygen caused by particle
irradiation and its effects on superconductivity. Studies with respect to x-ray diffraction patterns,Tc , resistiv-
ity, oxygen contents, etc., have been undertaken on samples, unirradiated as well as irradiated at various doses
for comparison. A remarkable difference has been observed between Bi-2212 and Bi-2223 with respect to the
irradiation-induced knock-out of oxygen. In Bi-2212, the oxygen knock-out plays a dominant role and there is
an increase inTc by particle irradiation for the sample overdoped with oxygen. On the other hand, in Bi-2223,
there has been a decrease inTc except for protons at a low dose and the knock-out of oxygen is not significant.
There has been an increase in resistivity in general by irradiation. At a high dose of 131016a/cm2, there is a
change to nonmetallic behavior in resistivity with three-dimensional variable range hopping conductivity in
both Bi-2212 and Bi-2223.@S0163-1829~98!09338-2#
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I. INTRODUCTION

Physical properties of superconducting materials
strongly affected by structural defects and disorder.1 Particle
irradiation is often used to produce intrinsic damage in
controlled manner to study the influence of defects and
order on the superconducting properties in a wide range
damage concentrations. In the case of superconductors,
the nonionizing energy loss~NIEL! causing displacement o
atoms that plays a significant role in controlling physic
properties like critical temperature, resistivity, critical curre
density, etc. The NIEL is measured by displacement
atom or d.p.a. For a particular irradiation, d.p.a. is prop
tional to the fluence or dose of irradiation.

In conventional superconductors, point defects genera
by radiation-induced atomic displacements change densit
states around the Fermi surface, causing thereby depre
of Tc . The change inTc as a function of the radiation
induced increase of the residual resistivity at zero temp
ture (Dr0) reveals in general a universal behavior depend
on the electronic density of states~DOS! around the Fermi
level EF .2 There are some instances of increase inTc as in
Mo3Si and Nb3Ir. 1

In the case of high-Tc superconductors also, it has be
seen that atomic displacements caused by NIEL of incid
particles control the change ofTc and other physical proper
ties as a function of fluence.1 Light charged particles in mod
erate energy ranges generate mostly point defects and
defects, dislocations, etc. However, here the effect of irra
tion is complex. The high-Tc cuprate superconductors a
nonstoichiometric, particularly with respect to oxygen a
irradiation-induced knock-out and disordering of oxyg
plays a crucial role in controlling various parameters such
PRB 580163-1829/98/58~22!/15135~11!/$15.00
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Tc , resistivity, etc. The high-Tc oxide superconductors hav
a rather low DOS atEF compared to their low-Tc counter-
parts and by lowering the oxygen concentration,N(EF) can
be reduced further.3

We had earlier observed an increase inTc by 20-MeV a
irradiation on one side of polycrystalline Bi2Sr2CaCu2O81x
~Bi-2212! samples ofTc 65 K.4 The increase inTc was
monotonic with dose and theTc change was presumed to b
due to knock-out of oxygen bya particles from the unirra-
diated sample with much excess oxygen~overdoped!. Irra-
diation was carried on one surface of the sample. The ra
of 20-MeV a in Bi-2212 is quite small~;100 mm!. So, in
the sample of around 1 mm thickness~as used in earlier
irradiation experiments!, the damage did not propagate
much depth. Hence, bulk damage and change in oxygen
tent could not be ascertained, as the radiation-induced o
gen knock-out could not occur in the bulk. To investigate t
bulk damage, we have adopted the following modificatio
~1! The thickness of the sample has been reduced from 1
to 0.5 mm.~2! The energy ofa has been increased from 2
MeV to 40 MeV to have longer range and hence larger de
of damage.~3! Irradiation has been carried out on both su
faces of the sample to obtain fairly uniform bulk damage

In this paper, we report systematic investigations of
effects of 40-MeVa-particle and 15-MeV proton irradia
tions on bulk polycrystalline samples of Bi-2212 and B
2223 and 40-MeVa irradiation on Bi-2212 single crystal
with respect toTc , resistivity, oxygen knock-out, structura
change, etc. The motivation for undertaking the experime
on bulk samples was to study the irradiation-induced kno
out of oxygen through bulk measurements like iodome
estimation of oxygen which can be carried out only in bu
polycrystalline samples.
15 135 ©1998 The American Physical Society
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The primary factor for radiation damage studies is d
placement per atom or d.p.a. Using theTRIM-95 version of the
Monte Carlo simulation codeTRIM developed by Biersack
and Haggmark,5 we have calculated the d.p.a.’s of vario
ions in Bi-2212 and Bi-2223. Considering the average d
placement energy of atoms to be'20 eV, d.p.a.’s at a dos
of 131015 particles/cm2 for 40-MeV a and 15-MeV protons
are 1.8631024 and 1.2631025, respectively, in polycrystal-
line Bi-2212 of 0.5 mm thickness. The corresponding valu
in polycrystalline Bi-2223 of 0.5 mm thickness are 1
31024 and 1.2731025, respectively. Doses were employe
aiming at appreciable change in physical properties with
causing a major structural breakdown or amorphizati
Hence, we have limited the irradiation dose up to the or
of 1016a/cm2 corresponding to a d.p.a. of the order 1023.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Bi-2212 and Bi-2223 wi
nominal compositions Bi2Sr2CaCu2O81x and
Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06O101x , respectively, were pre
pared by a typical solid-state reaction6,7 starting from nitrates
of the respective metals. The Bi-2212 single crystal was
tained by the alkali flux method from polycrystalline B
2212 using equimolar mixtures of KCl and NaCl as fluxe

The samples for irradiation were mounted in a tar
holder assembly which is schematically shown in Fig. 1
consists of an aluminum flange over which the samples w
mounted. Aluminum was employed as flange material si
the nuclear reaction cross section of 40-MeVa particles and
15-MeV protons with aluminum is very low. The dose acc
mulating on the target material~sample! kept on the flange
was estimated from the total charge of projectile particlesa
or proton! deposited on the samples which was measu
with the help of a Danfys current integrator and scalar el
trically connected to the flange. The target flange was in
lated from the beam tube by a perspex flange and teflon b
in the screws connecting the target flange and the beam
A defocused beam of projectile particles was taken to ob
uniform distribution of irradiation dose on the target. W
employed pressurized water~24 psig! flowing through the
target flange which yielded a temperature rise of;10 °C of
the sample as monitored by a thermocouple sensor pla
inside a groove of the flange in close proximity of th
sample. This temperature rise did not affect the radiati
induced defects in any significant way.

Polycrystalline Bi-2212 samples ofTc573 K in the form
of pellets of thickness 0.5 mm were irradiated with 40-Me
a particles with doses of 231015, 431015, 631015, 8

FIG. 1. Target holder assembly for irradiation.
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31015, and 131016a/cm2. For proton irradiation, the dose
employed were 531013, 131014, 131015, 231015, and 5
31015 protons/cm2. We also carried out studies on sing
crystals free from effects of granularity of polycrystals. B
2212 single crystals of;35 mm thickness andTc581 K
were irradiated with 40-MeVa particles at doses of 2
31014 and 231015a/cm2. The polycrystalline Bi-2223
samples were irradiated with 131015, 231015, 331015, 4
31015, 131016, and 1.531016a/cm2. The unirradiated
sample was ofTc 112 K and room-temperature resistivit
(r300) 3.1 mV cm. The doses employed for protons in pol
crystalline Bi-2223 were 531013, 131014, 131015, 2
31015, 531015, 831015, and 131016 protons/cm2. The
unirradiated sample was ofTc 103.6 K andr300 of 3.65
mV cm. All the irradiations were carried out at ambie
rather than at low temperature, as the post-irradiation m
surements were done at room temperature. This would el
nate annealing at room temperature of defects generated
ing irradiation. For each dose, a few number of samples w
earmarked.

All samples were characterized by powder x-ray diffra
tion patterns by Phillips Diffractometer PW1710 usin
Cu-Ka radiation of wavelength around 1.54 Å. Resistiviti
of the unirradiated as well as the irradiated samples w
measured by a four-probe technique using a Keithley 1
digital nanovoltmeter with resolution of 1 nV and a Lak
Shore 120 constant current source. Current leads were
tached by the conducting paints covering the thickness s
of the samples so that the resistivity measured by the volt
drop across voltage leads reflected the bulk one. The cur
through the samples was typically 1 mA.

The oxygen in excess of the stoichiometry was quant
tively assayed by iodometry, which in principle is essentia
the volumetric estimation of the iodine liberated by oxidati
of iodide by the excess oxygen. The quantity of iodine p
portional to the excess oxygen is titrated with sodium th
sulphate solution using starch indicator. But, the presenc
CuI affects the end point of titration in the way that iodine
liberated partially. We eliminated this by complexing Cu~II !
with citrate, which prevents reduction of Cu~II ! to Cu~I!.8

The sample in powder form was dissolved in a minimu
amount of ice cold HBr. The solution was prepared in
conical flask closed with a teflon stopper and kept in ice
prevent the escape of bromine by evaporation. Dissolutio
the sample was enhanced by stirring. Five milliliters of
molar sodium citrate was added to the solution. Potass
iodide was added to it and the mixture well stirred and k
in the dark. It was titrated with sodium thiosulphate wi
constant stirring. Excess oxygen content thus estimated v
metrically was precise and accurate to60.001.

III. RESULTS AND DISCUSSIONS

A. X-ray studies

X-ray diffraction patterns of some irradiated Bi-2212 a
Bi-2223 samples are presented in Figs. 2 and 3, respectiv
Figures 2~a!–2~f! give patterns for Bi-2212 polycrystalline
samples, unirradiated as well as irradiated with 40-MeVa
particles at various doses. The characteristic reflection li
of the unirradiated samples are present in the irradia
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samples. Figure 3 depicts the x-ray diffraction~XRD! pat-
terns for the unirradiated Bi-2223 sample as compared
some representative 40-MeVa-irradiated samples at dose
of 131014, 131015, and 231014 a/cm2. Here also, the
characteristic reflection lines of the unirradiated sample
retained in irradiated samples. Similar characteristics in x-
diffraction patterns are noticed in proton-irradiated samp
of Bi-2212 and Bi-2223.

There have been slight shifts of 00l peaks ina-irradiated
Bi-2212 samples towards lower angles as compared to th
of the unirradiated sample. The average latticec-parameters
obtained from indexing various 00l peaks are presented
Table I. We have observed an overall increase in thec pa-
rameter in the irradiated Bi-2212 samples. The overall
crease in thec parameter accompanied with the decrease
oxygen content due to particle irradiation was also obser
in YBa2Cu3O72d ~YBCO! and Bi-2212 by Linkeret al.9 In
the case of Bi-2212 irradiated with 40-MeVa too, the in-
crease in thec parameter can be explained by the irradiatio
induced knock-out of oxygen, whereby the hole carrier c
centration in the CuO2 plane decreases, causing increase
both a andc parameters.

The retention of distinct reflection lines in all irradiate
samples clearly indicates that there has not been any tra
tion from crystalline to amorphous phase due to irradiati
The slight broadening of lines can be explained by the f

FIG. 2. XRD patterns of polycrystalline Bi-2212 at variou
doses. A: zero dose~unirradiated!; B: 231015a/cm2; C: 4
31015a/cm2; D: 631015a/cm2; E: 831015a/cm2; F: 1
31016a/cm2.
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that at low d.p.a., the grain boundaries being regions of hi
est energy have been subjected to disorder caused by pa
irradiation. The point-defect density in the early stage of
radiation is higher near a grain boundary than in the bulk
the grain.10,11The retainment of characteristic reflection lin
of x-rays in our case bears signature to the fact that there
not been any phase transition, which was earlier observe
the case of Bi-2212 thin films irradiated with 50-KeVa
particles.12

B. Tc and resistivity

Resistivity versus temperature plots of some irradia
samples of 40-MeVa-irradiated Bi-2212 polycrystals an
single crystals as compared to the unirradiated samples
presented in Figs. 4~a!, 4~b!, and 5, respectively. Figures 6~a!
and 6~b! give resistivity versus temperature plots for th
polycrystalline Bi-2223 samples, unirradiated and irradia
at doses of 131015, 231015, 331015, 431015, and 1

FIG. 3. XRD patterns of unirradiated anda-irradiated Bi-2223.

TABLE I. Change of lattice parameter of polycrystalline B
2212 with dose.

Dose Averagec Parameter
(a/cm2) (Å)

0 ~A! 30.801
231015 ~B! 31.303
431015 ~C! 31.223
631015 ~D! 31.341
831015 ~E! 31.125
131016 ~F! 31.223
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31016a/cm2. Tc (R50) and the oxygen content~x! in ex-
cess of the stoichiometric values ofa-irradiated Bi-2212 and
Bi-2223 polycrystalline samples are presented in Table
Table III lists Tc(R50) and excess oxygen contents~x! of
proton irradiated polycrystalline Bi-2212 and Bi-222
samples at different doses.Tc(R50) of the unirradiated Bi-
2212 polycrystalline sample was 73.1 K. There has been
increase inTc up to the dose of 631015a/cm2. The sample
irradiated at the highest dose of 131016a/cm2 showed non-
metallic behavior in resistivity from 300 to 100 K and in th
case of Bi-2212, there was a fall in resistivity around 100
but Tc(R50) was,10 K, the lowest temperature achievab
in our cryogenerator. From Table II, we see that oxyg
contents of Bi-2212 samples have decreased with dose
the case of proton irradiation too, there is marginal kno
out of excess oxygen as evident from Table III. Below t

FIG. 4. ~a! Resistivities of unirradiated and irradiated polycry
talline Bi-2212.~b! Resistivity of polycrystalline Bi-2212 at highes
dose.
I.
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n
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dose of 131015 protons/cm2, the knock-out is not appre
ciable and the change inTc is not significant. Figure 7 show
the trends ofTc(R50) and excess oxygen content vers
dose in a-irradiated Bi-2212. Unlike polycrystalline Bi-
2212, there has been no increase inTc~onset! and no change
in oxygen content in particle irradiated Bi-2223. In mo
cases~both proton anda irradiation on Bi-2212 and Bi-
2223!, there are increases of transition widths (DTc! as evi-
dent from Figs. 4–6.

The unirradiated polycrystalline Bi-2212 ofTc573 K has
an x value ~i.e., oxygen content in excess to that of stoich
ometry! of 0.204 as evident from iodometric estimation
Excess oxygen is the source of the hole carrier in these
prates.Tc is related to the hole carrier density and hen
excess oxygen content~x!. In Bi-2212,Tc increases initially
with x, goes to a maximum, and then decreases with
increase ofx following a typical dome shaped curve.13,14The
excess oxygen contents corresponding to the peak value
Tc vary from 0.15 to 0.16.13,14 The excess oxygen in unirra
diated polycrystalline Bi-2212~0.204! corresponded to the
right or the overdoped side of theTc versus oxygen dome
shaped curve in Fig. 3a of Ref. 13. As oxygen content of
unirradiated sample was in excess to that ('0.16! corre-
sponding to the maximumTc , it is expected that there would
be an increase inTc on reduction of oxygen content. Thu
the increase inTc for the irradiated samples was due to t
loss of excess oxygen. The peak ofTc(R50) corresponds to
a dose of'631015a/cm2 and the equivalent oxygen conte
is 0.10 as revealed from Fig. 7. For a comparative study,
have plotted normalizedTc’s @Tc /Tc~max!, whereTc~max!
is the maximumTc attained for the system# versus excess
oxygen content. Figure 8 shows such plots for both norm
ized Tc(R50) and Tc~onset! of 40-MeV a-irradiated Bi-
2212 along with normalizedTc of Allgeier and Schilling.13

Normalized Tc~onset! peaking atx'0.15 in our case be-
haves similar to their case.

FIG. 5. Resistivities of Bi-2212 single crystals, unirradiated a
irradiated at various doses.
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Tc~onset! values in case of proton irradiation are slight
different than in case ofa irradiation, even when exces
oxygen contents are the same. Actually, the changes
Tc~onset! with excess oxygen in different cases are qual
tively similar, not quantitatively and hence the peaking
Tc~onset! also varies in different cases.13,14Thus, there is not
exactly one to one correspondence betweenTc~onset! and
oxygen content for different systems.Tc depends on carrie
concentration, which is controlled by oxygen and other io
In these nonstoichiometric defect based superconduc
cationic vacancies and other defects also control carrier c
centration. Irradiation-induced defects and disorder mani
in not only oxygen displacements, but also in other catio
displacements~such as Cu, Sr, etc.!. The extents of these ar
also different ina and proton irradiation. The cumulativ

FIG. 6. ~a! Resistivity plots ofa-irradiated Bi-2223. A: unirra-
diated; B: 131015a/cm2 ; C: 231015a/cm2 ; D: 331015a/cm2; E:
431015a/cm2. ~b! Resistivity of Bi-2223 irradiated with
a-particles at high doses.
of
-
f

.
rs,
n-
st
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effects of all these may give rise to different values
Tc~onset! for a and proton irradiation, even when the oxyge
contents are the same.

Tc~onset! is the temperature at which grains become
perconducting. The granularTc is controlled by the lattice
oxygen content. Hence,Tc~onset! is affected byx, the excess
oxygen, whereasTc(R50) is controlled by the intergranula
links too. As discussed earlier, in polycrystalline sampl
grain boundaries are regions of the highest energy and m
vulnerable for radiation damage such as enhanced forma
of defects, outdiffusion of oxygen, etc., which lead to d
struction of weak intergranular links1 and depression o
Tc(R50) even at lower doses of irradiation, whereas t
granularTc, i.e., Tc~onset! is not affected.

TABLE II. Variation of Tc , excess oxygen, and other param
eters with dose for polycrystalline Bi-2212 and Bi-2223 irradiat
with 40-MeV a particles.

Dose Tc(R50) Tc~onset! Excess oxygen
(a/cm2) ~K! ~K! ~x!

Bi-2212
0 73.1 90.5 0.204
231015 74.3 92.3 0.190
431015 75.8 94.8 0.150
631015 76.3 92.7 0.100
831015 66.5 88.5 0.080
131016 Tc~onset! around 100 K

Bi-2223
0 112.0 122.0 0.100
131015 111.0 122.0 0.100
231015 108.0 122.0 0.100
331015 105.8 121.8 0.100
431015 103.6 121.6 0.096
131015 64.0 94.0 0.096

TABLE III. Tc and oxygen content of proton irradiated Bi-221
and Bi-2223 samples.

Dose Tc(R50) Tc~onset! Excess oxygen
(protons/cm2) ~K! ~K! ~x!

Bi-2212
0 73.1 90.5 0.204
531013 73.5 91.5 0.204
131014 73.5 92.5 0.203
131015 74.0 94.0 0.200
231015 74.8 95.8 0.195
531015 73.9 95.9 0.180

Bi-2223
0 103.6 120.6 0.100
531013 104.5 120.5 0.100
131014 103.5 120.5 0.100
131015 103.2 120.7 0.100
231015 103.0 120.5 0.100
531015 103.0 120.5 0.100
831015 100.0 119.0 0.095
131016 96.0 118.0 0.095
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It is the radiation-induced destruction of weak intergran
lar links in polycrystalline samples that causes an increas
the transition width and fast decrease inTc(R50) of the
40-MeV a-irradiated Bi-2212 sample at higher dose where
is underdoped with respect to oxygen~Fig. 8!. This is re-
flected in the overdoped region too. In the overdoped reg
the irradiation-induced knock-out of oxygen increasesTc on
the one hand and the destruction of intergranular links cau
a decrease inTc . Hence, theTc(R50) versus excess oxyge
curve is less sharp than that of Allgeier and Schilling
reflected in Fig. 8.

In the case of the unirradiated single crystal~as grown!,
Tc increased to 83 K after annealing in oxygen. Thus, it w
in the underdoped region of the dome shaped curve.13 So, a
decrease inTc by 40-MeVa irradiation can be explained b

FIG. 7. Change ofTc and oxygen content with dose for poly
crystalline Bi-2212.

FIG. 8. Tc /Tc~max! as a function of excess oxygen content. T
arrow points to the oxygen content for highestTc~onset!.
-
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a decrease in the carrier concentration caused by the kn
out of oxygen bya particles. Linkeret al.9 also observed a
decrease inTc for Bi-2212 film in the underdoped region an
concluded that the defect structures connected to theTc de-
pressions are mainly oxygen displacements.

The qualitative difference between changes inTc of poly-
crystalline and single-crystalline samples of Bi-2212 on p
ticle irradiation ~both proton anda particles! can thus be
understood from the difference in the levels of doping in t
unirradiated state; the single crystal is underdoped and p
crystals are overdoped with respect to oxygen. Particle i
diation causes knock-out of oxygen as well as an increas
transition width (DTc) for the reasons mentioned earlie
Tc(R50) changes due to irradiation are manifestations
both these effects.

If the superconducting pair wave function is written
C5deik, whered is the pair amplitude andk is the phase,
then there are two ways to destroy superconductivity, eit
by reducingd, or by destroying the coherence ofk. In the
case of A-15 superconductors irradiated with light charg
particles likea, there is a steady decrease inTc with the
dose of irradiation until there is a saturation where the el
tronic mean free path is reduced to the level of interatom
spacing. Reduction inTc results from the lowering of elec
tronic density of states due to increased electron defect s
tering, i.e., amplitude reduction.15 On the other hand, the
behavior of high-Tc superconductors is reminiscent of th
destruction of phase coherence. Continuous broadenin
the transition width with dose brings forth this fact.16

In Fig. 9, we have plottedTc(R50) normalized with re-
spect toTc0 @whereTc0 is Tc(R50) for the unirradiated one#
against fluence (F) for our 40-MeV a-irradiated Bi-2212
single crystal and proton irradiated YBCO films of Meye1

for comparison. A decrease inTc is fairly linear with dose.
dTc /dF comes out to be 2.77310215 K/particle in the case

FIG. 9. Tc /Tc0 as a function of dose.
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of Bi-2212 single crystals, quite large as compared to tha
single-crystalline YBCO film.1 A decrease inTc in both
cases is due to irradiation-induced knock-out of oxygen.Tc
depression by irradiation in the case of Bi-2212 single cr
tals is more than for YBCO films also when normalized w
respect to d.p.a. Bi-2212 is more sensitive to particle irrad
tion than YBCO because of more defect stucture presen

The metallic behavior of resistivity is retained for a
doses in proton irradiation and less than 131016/cm2 in the
case ofa irradiation. We have plotted room-temperature
sistivity (r300) versus dose for 40-MeVa and 15-MeV pro-
ton irradiated Bi-2212 and Bi-2223 in Fig. 10. In the case
YBCO films irradiated with charged particles, the resistiv
was increasing exponentially with fluence following the r
lation r>r0exp(FDF /A),17 wherer0 is the resistivity of the
unirradiated sample,FD is the deposited energy,F is the
dose, andA is a constant with dimension of energy densi
In our case, for all irradiated Bi-2212 and Bi-2223 sampl
first-order linear fits inr versusF are better than that fo
ln(r) versusF. x2 values for various fits are listed in Tab
IV. Contribution to a larger increase inr with irradiation in
the case of the polycrystal comes primarily from the gr
boundaries where the point defect density is larger.

In comparison with Bi-2212, the rate of change in res
tivity of Bi-2223 is less as evident from the respective slop
dr/dF, 5.8310215 mV cm/particle and 1.6310215 mV
cm/particle for proton irradiation, even though the d.p.a.’s
both cases are fairly close. The outdiffusion of oxygen in

FIG. 10. Room-temperature resistivity~r! of irradiated samples
as a function of dose.
in
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grain boundary causing increase in resistivity is more do
nant in irradiated polycrystalline Bi-2212 than in polycry
talline Bi-2223.

The marginal increase ofTc and decrease ofr300 at the
dose of 531013/cm2 for Bi-2223 are indicative of annealing
of defects at low dose. A similar decrease in resistivity w
also noticed earlier in thin films of YBCO irradiated with
low dose of heavy ions (1011/cm2) such as boron, arsenic
etc.,17 and can be explained by the ordering brought about
the mobility of defects. At a low dose of irradiation, mobi
defects were seen to increase the long-range order in p
ordered metallic alloys18 and bring ordered structure i
orthorhombic YBCO.17 At higher fluences, radiation-induce
disordering becomes dominant and hence, resistivity
creases.

Variations ofdr/dT with dose for 40-MeVa-irradiated
Bi-2212 single crystals and Bi-2223 polycrystals and 1
MeV proton irradiated Bi-2212 and Bi-2223 are demo
strated in Figs. 11~a! and 11~b!. Figure 11~a! shows the plots
for a irradiation and Fig. 11~b! for proton irradiation. The
dose in case of proton irradiation is given in log scale
cover a wide range, 531013 to 531015/cm2. dr/dT of
samples generally increased with the dose of irradiation.
increase ofdr/dT may be an indication of a decrease
(n/m* ) with dose, wheren is the carrier concentration an
m* is its effective mass.19 In Bi-2212 system, the knock-ou
of excess oxygen may contribute to the reduction of h
carrier density. The increase of effective mass may occur
to radiation-induced disorder, and hence there is decreas
(n/m* ) with irradiation which is dominant in the case o
Bi-2223. In the case of Bi-2212, the slope of dr/dT versus
fluence comes out to be 3.6310218 mV cm/K/particle and
1.7310218 mV cm/K/particle for a-irradiated single crys-
tals and proton irradiated polycrystals, respectively.

C. Nonmetallic resistivity at high doses

The resistivity changed from metallic to insulating beha
ior by a irradiation at a dose of 131016a/cm2 and higher for
both Bi-2212 and Bi-2223@Figs. 4~b! and 6~b!, respectively#.
The nonlinear behavior of resistivity is indicative of localiz
tion of charge carriers caused by irradiation-induced dis
der. This was also observed by various groups in YBCO a
Bi-Sr-Ca-Cu-O systems irradiated with neutrons at dose
131019/cm2 and higher.20–22 The localization effect mani-
fested in the case of neutrons at a dose higher tha
31018/cm2, is noticed in the case of 40-MeVa at a moder-
ate dose of 131016/cm2 for both Bi-2212 and Bi-2223. This
is because of much higher energy deposited~by an order of 3
more than that of neutrons! in the case of 40-MeV
a-particles. The strong disorder induced in these system
doses of 131016a/cm2 is revelant from the d.p.a. (1
TABLE IV. x2 values for various fittings of resistivity versus dose.

Sample x2 ~exponential! x2 ~linear!

Bi-2212 single crystal (a irradiated! 0.1653 4.9531022

Bi-2212 polycrystal~proton irradiated! 0.0850 2.2831022

Bi-2223 polycrystal (a irradiated! 0.0300 1.8031022

Bi-2223 Polycrystal~proton irradiated! 0.0600 3.6631022
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31023), which is comparable to the neutrons at a dose
131019/cm2. In Y-Ba-Cu-O, activated conduction wa
dominant in the nonmetallic region as evident from fai
linear behavior in the plot of the logarithm of resistan
(ln R) versus inverse of temperature~1/T!.20 In our case, ln
(r) versus 1/T is not linear and we tried to analyze the no
linear behavior of resistivity in the framework of variab
range hopping~VRH!. Normally, the resistivity in the insu
lating region is given byr5r0exp@(T0 /T)1/(d11)#, where the
hopping conduction of carriers occurs ind-dimension.23

Here, T0 and r0 are constants. Thus, for two-dimension
VRH, r5r0exp@(T0 /T)1/3#, and for three-dimensional VRH
r5r0exp@(T0 /T)1/4#.

In our case, the best fit was obtained in the case of ther
vs (T)21/4 plot in the temperature range 256–115 K for B
2212 and 190–120 K for Bi-2223~Fig. 12!. Thus, the con-
duction in the nonmetallic region proceeds through thr
dimensional ~3D! VRH. A similar metal-to-insulator
transition was observed in Bi2Sr2Ca12xYxCu2O81x at x

FIG. 11. Variation ofdr/dT with dose.~a! a-irradiated Bi-2212
single crystals and polycrystalline Bi-2223.~b! Proton irradiated
polycrystalline Bi-2212 and Bi-2223.
f

l

-

>0.5.24,25 Substituting Y~III ! in the Ca~II ! site causes a low-
ering of carrier concentration. From the general phase
gram for these systems, it is now evident that they are M
Hubbard insulators at very low carrier concentration a
become superconducting as the carrier concentration is
creased to a certain extent and the normal-state beha
changes from insulator to metallic.26–29 For the carrier con-
centration corresponding to the crossover region from m
to insulator, the conduction is generally seen to oc
through 3D VRH.30

The reasons for transition from metal to insulator beh
ior of the irradiated sample at the highest dose may be t
fold: ~1! lowering of carrier concentration due to the knoc
out of oxygen, ~2! generation of localization caused b
irradiation-induced disorder.31 There is a difference betwee
the irradiation-induced localizations in Bi-2212 and Bi-222
In a-irradiated Bi-2223, the change of carrier concentrat
due to change in oxygen content is not significant, which
dominant ina-irradiated Bi-2212 as evident from iodometr
Rather localization caused by the radiation-induced disor
plays a major part in the case of Bi-2223.

We have estimated the localization length denoted
a21. For 3D VRH, a21 is derived fromT0 using the fol-
lowing expression:T05(16a3)/@kBN(EF)#; N(EF) is the
density of states at the Fermi level andkB is Boltzmann’s
constant. For Bi-2212, the values ofN(EF) obtained from
specific-heat data range from 1.25 to 5.6231022

states/eV/Å3 ~for three dimensions!.32,33 We have taken the
value;1.8 states/eV/Å3.30 The localization length (a21) is
;10.7 Å. This value ofa21 is quite low compared to tha
~60–80 Å! in the case of Bi2Sr2Ca12xYxCu2O81x in the 3D-
VRH regime at the crossover of the metal-to-insulator tra
sition ~for x50.55!.30 Our value is comparable to that forx
50.6. In the case of Bi-2223, the localization length (a21) is
10.6 Å, around five times the Cu-O bond length in CuO2
plane.

IV. MECHANISM OF OXYGEN KNOCK-OUT

The Cu-O bond in the CuO2 sheet is the strongest bon
and it controls the lattice constants.34 The other layers in the

FIG. 12. Plot of 3D VRH fitting in nonmetallic part of resistiv
ity.
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crystal structure are constrained to match the CuO2 sheet and
thus internal stress is generated within the crystal struct
The lattice stability in these cuprates is governed by a to
ance factor defined as35

t5
A2O

A2~B2O!
. ~1!

In Bi-2212, A-O and B-O are bond lengths of Bi-O in th
rocksalt block and Cu-O in the perovskite block, resp
tively. In perovskites, for stable structure, thet value should
be as 0.8,t,0.9.35 If the bond lengths are taken to be th
sum of the ionic radii of the respective ions, then w
r (Bi31)50.93 Å, r (O22)51.4 Å, r (Cu21)50.72 Å, t comes
out to be 0.78 in Bi-2212, and is less than the value nee
for structural stability and an internal strain is develope
Since the Cu-O bond is rigid, the strain due to lattice m
match can be relieved by the increase of theA-O bond
length, which can be attained either by substitution of Bi31

by larger ions or by accommodating excess oxygen in
Bi-O layer. In undoped Bi-2212, the latter process occu
whereby the Bi-O bond distance increases to 2.6 Å and
tolerance factor comes within proper range. This excess o
gen resides in the Bi-O layer because of more repulsion
tween the lone pair of electrons in Bi31 ions and oxygen
along thec-axis.34 The extra oxygen atoms form rows alon
the a-axis causing incommensurate modulation.36 They are
not valence bound. The binding energy of these extra oxy
atoms is very low ('0.073 eV!,37 and hence they are vul
nerable to be knocked out by energetica particles and pro-
tons depending on the amount of energy deposited by
projectile.

The decrease in oxygen content~or the knock-out of oxy-
gen! from the Bi-2212 sample can be understood to oc
through the following steps:~1! Appreciable oxygen vacan
cies are created by charged particle irradiation-induced
placement at a dose.131015 particles/cm2. ~2! These dis-
placed oxygen atoms occupy pores which are energetic
favorable to them.~3! These ‘‘free’’ or labile oxygen mol-
ecules diffuse from pores to the outside~of the sample!,
which is in vacuum during irradiation.37 This is the driving
force for migration which is controlled by diffusion. The ra
of oxygen atoms/molecules diffusing out is proportional
the atoms/molecules of oxygen present in pores. At ro
temperature, there is no reabsorption of oxygen by Bi-22
and hence a net decrease in oxygen content occurs.

We have calculated with the help of the modified vers
~TRIM-95! of the simulation programTRIM developed by Bier-
sack and Haggmark,5 the number of vacancies created
displacement of loosely bound oxygen due to charged
ticle irradiation.37 We have taken the binding energy of th
loosely bound oxygen as 0.073 eV, supported by the exp
mentally observedDH value for liberation of loosely bound
oxygen from the compound as obtained from thermogra
metric analysis~TGA! and differential thermal analysi
~DTA!.38 The detailed calculations are present
elsewhere.37 Values of the excess oxygen obtained fro
TRIM-95 calculations for Bi-2212 irradiated with 20-MeVa,
40-MeV a, and 15-MeV protons at various doses are p
sented in Table V. The data for 40-MeVa can be compared
e.
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with the experimental values obtained by iodometry given
Table II. It is seen that these two data are in close agreem
except for the highest dose. Thus, it establishes the me
nism of knock-out of oxygen by the charged particle irrad
tion followed by the diffusion from pores.

The oxygen vacancies are created mostly in the bulk
little energy is lost at the surface and that through ionizati
As the projectile particle loses energy with depth, the no
ionizing energy loss dominates and displacement and
knock-out of oxygen become dominant. The damage pro
in terms of oxygen vacancies in Bi-2212 with depth due
irradiation from both sides of the sample for proton irrad
ated Bi-2212 as a representative case has been shown in
13. In the case of proton irradiation, the damage distribut
and hence,Tc, distribution are fairly uniform. This is the
manifestation of irradiation from both sides of the sampl
The minor local variations inTc due to oxygen contents
cannot be probed as our resistivity measurements are gl
bulk ones. This variation occurs for all doses and would
affect the trend of data presentation in Fig. 8 which depi
the variation ofTc normalized with respect toTc~max! ver-
sus oxygen content varying with irradiation dose.

In Bi-2223 synthesized by partially doping Pb in the
site, the tensile stress in the Bi-O layer is relieved by sub
tution of larger Pb21 ions ~1.2 Å! in the Bi31 ~0.93 Å! site.
So, Pb doped Bi-2223 does not accommodate excess ox
significantly. Pb~II ! substituting Bi~III ! provides holes to
CuO2 layer, thereby relieving its compressive stress. He
there is no loosely bound oxygen to be knocked out. In

TABLE V. Excess oxygen values calculated fromTRIM and dif-
fusion.

Dose~per cm2) 40-MeV a 20-MeV a 15-MeV proton

231015 0.1854 0.1914 0.1982
431015 0.1480 0.1648 0.1861
631015 0.1034 0.1335 0.1718
831015 0.0553 0.0990 0.1564

FIG. 13. Damage profile of proton in Bi-2212.
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2223, because of the absence of loosely bound oxygen,
strong lattice bound oxygen comes into the picture for be
knocked out.TRIM-95 calculations show the number of oxy
gen atoms displaced'5/ion in case of Bi-2223, whereas th
same in case of Bi-2212 containing loosely bound oxyge
around 110/ion.37 This gives rise to the difference in Bi-221
and Bi-2223 with respect to oxygen knock-out.

V. CONCLUSION

We have carried out 40-MeVa-particle and 15-MeV pro-
ton irradiations on Bi2Sr2CaCu2O81x ~Bi-2212! and
Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06O101x ~Bi-2223! at various doses
up to 131016 particles/cm2. We have employed both single
crystal and polycrystalline samples in the case of Bi-22
and polycrystalline samples in the case of Bi-2223 syste
for irradiation. There was little evidence of structural brea
down or phase change. In Bi-2212, there were distinct e
dences of the knock-out of oxygen caused by particle i
diation. In case of the bulk polycrystalline samples, this w
confirmed by iodometric estimation of oxygen. The manife
tation of this irradiation-induced knock-out of oxygen a
hence decrease of the carrier concentration was the incr
of Tc in Bi-2212 overdoped with oxygen. On the other han
in Bi-2223, the knock-out of oxygen is not significant. Th
is reflected in the changes of their physical properties suc
,
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Tc , resistivity, etc., by irradiation. Theoretical estimat
have been done for the amounts of oxygen knocked ou
irradiated Bi-2212 at various doses using Monte Carlo p
gramTRIM-95 and there have been close agreements with
experimental values obtained by iodometry. At a high do
of 131016a/cm2, there is a change to nonmetallic behavi
in resistivity with 3D VRH conductivity in both Bi-2212 and
Bi-2223. The change in behavior of resistivity in Bi-221
was due to the decrease in oxygen or, hole carrier conc
tration so as to cause a transition from metallic to insula
region. We have calculated the localization length and
comes to be low, around 3–5 times the Cu-O bond length
the CuO2 layer. In contrast, the metal-insulator transitio
brought about bya irradiation in Bi-2223 is not due to the
lowering of hole carrier concentration, but due to some k
of localization caused by the irradiation-induced disord
Here also, the localization length is quite low.
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