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Charged particle irradiations have been carried out on Bi-2212 and Pb-doped Bi-2223 with 4&-MeV
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 paffgrngsistiv-
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 i by particle irradiation for the sample overdoped with oxygen. On the other hand, in Bi-2223,
there has been a decreasé jnexcept 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 doseld*%/cn?, there is a
change to nonmetallic behavior in resistivity with three-dimensional variable range hopping conductivity in
both Bi-2212 and Bi-2223.50163-182608)09338-2

[. INTRODUCTION T., resistivity, etc. The high-; oxide superconductors have
a rather low DOS aEg compared to their low-. counter-

Physical properties of superconducting materials argarts and by lowering the oxygen concentratibifEg) can
strongly affected by structural defects and disordearticle  be reduced furthet.
irradiation is often used to produce intrinsic damage in a We had earlier observed an increaselinby 20-MeV «
controlled manner to study the influence of defects and disiradiation on one side of polycrystalline fr,CaCyOg, 4
order on the superconducting properties in a wide range ofBi-2212) samples ofT, 65 K. The increase inl, was
damage concentrations. In the case of superconductors, it isonotonic with dose and thE; change was presumed to be
the nonionizing energy loSNIEL) causing displacement of due to knock-out of oxygen by particles from the unirra-
atoms that plays a significant role in controlling physicaldiated sample with much excess oxyg@verdopedl Irra-
properties like critical temperature, resistivity, critical currentdiation was carried on one surface of the sample. The range
density, etc. The NIEL is measured by displacement peof 20-MeV « in Bi-2212 is quite small~100 um). So, in
atom or d.p.a. For a particular irradiation, d.p.a. is proporthe sample of around 1 mm thickne&ss used in earlier
tional to the fluence or dose of irradiation. irradiation experimenjs the damage did not propagate to

In conventional superconductors, point defects generateghuch depth. Hence, bulk damage and change in oxygen con-
by radiation-induced atomic displacements change density aént could not be ascertained, as the radiation-induced oxy-
states around the Fermi surface, causing thereby depressigen knock-out could not occur in the bulk. To investigate the
of T.. The change inlT, as a function of the radiation- bulk damage, we have adopted the following modifications:
induced increase of the residual resistivity at zero tempera-l) The thickness of the sample has been reduced from 1 mm
ture (Apg) reveals in general a universal behavior dependingo 0.5 mm.(2) The energy ofx has been increased from 20
on the electronic density of statéBOS) around the Fermi  MeV to 40 MeV to have longer range and hence larger depth
level Ex .2 There are some instances of increas@iras in  of damage(3) Irradiation has been carried out on both sur-
Mo3Si and NBlr.! faces of the sample to obtain fairly uniform bulk damage.

In the case of high. superconductors also, it has been In this paper, we report systematic investigations of the
seen that atomic displacements caused by NIEL of incidentffects of 40-MeV a-particle and 15-MeV proton irradia-
particles control the change @f and other physical proper- tions on bulk polycrystalline samples of Bi-2212 and Bi-
ties as a function of fluencelight charged particles in mod- 2223 and 40-MeVa irradiation on Bi-2212 single crystals
erate energy ranges generate mostly point defects and lingith respect taT ., resistivity, oxygen knock-out, structural
defects, dislocations, etc. However, here the effect of irradiachange, etc. The motivation for undertaking the experiments
tion is complex. The highr, cuprate superconductors are on bulk samples was to study the irradiation-induced knock-
nonstoichiometric, particularly with respect to oxygen andout of oxygen through bulk measurements like iodometric
irradiation-induced knock-out and disordering of oxygenestimation of oxygen which can be carried out only in bulk
plays a crucial role in controlling various parameters such apolycrystalline samples.
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COLLIMATOR 5 6 H Tt
< 1/ AT TAGHED WITH BEAM LINE x10%, and 1x 10%a/cm?. For proton irradiation, the doses
18 M- employed were % 10'% 1x 10" 1x10'5 2x10' and 5
X 10'° protons/cmi. We also carried out studies on single
Ql} N N ‘1 ’;\““f‘.k.%ﬁ'ﬁ“ﬂé’;sf crystals free from effects of granularity of polycrystals. Bi-
INSULATED 1« 23MM -~

AN T 2212 single crystals of-35 pwm thickness andl.=81 K
SCREW \HLW piam UETALLC CoLLmMATOR were irradiated with 40-MeVa particles at doses of 2
\ \ k \R W x 10 and 2x10%a/c?. The polycrystalline Bi-2223
\ samples were irradiated withx110%°, 2x 10%, 3x 10'°, 4
SAMPLE X 10, 1x10'® and 1.5<10%a/cn?. The unirradiated
sample was off; 112 K and room-temperature resistivity
(p300 3.1 M cm. The doses employed for protons in poly-
crystalline Bi-2223 were %103 1x10% 1x10%, 2
X 10, 5x10'° 8x10% and 1x10'protons/cri. The
unirradiated sample was dof, 103.6 K andps, of 3.65
mQ cm. All the irradiations were carried out at ambient
rather than at low temperature, as the post-irradiation mea-
surements were done at room temperature. This would elimi-

of 1x 10" particles/cr for 40-MeV « and 15-MeV protons hate annealing at room temperature of defects generated dur-
ing irradiation. For each dose, a few number of samples were

are 1.86<10" 4 and 1.26< 10>, respectively, in polycrystal- carmarked
line Bi-2212 of 0.5 mm thickness. The corresponding values ' . .
All samples were characterized by powder x-ray diffrac-

in polycrystalline Bi-2223 of 0.5 mm thickness are 1.9 .. - . |

x10"*and 1.2 10 °, respectively. Doses were employed tion patter_ns_ bnyh|II|p|s Dlrl:fractometer F’>&W171(_) using

aiming at appreciable change in physical properties withou?u'Ka ra(jlathn of wavelengt around 1'.54 - Resistivities
of the unirradiated as well as the irradiated samples were

causing a major structural breakdown or amorph|zat|on.measureol by a four-probe technique using a Keithley 182

Hence, we have limited the irradiation dose up to the ordeai ital nanovoltmeter with resolution of 1 nV and a Lake
of 10%a/cn? corresponding to a d.p.a. of the order £0 g

Shore 120 constant current source. Current leads were at-
tached by the conducting paints covering the thickness sides
Il. EXPERIMENTAL DETAILS of the samples so that the resistivity measured by the voltage
drop across voltage leads reflected the bulk one. The current
Polycrystalline samples of Bi-2212 and Bi-2223 with through the samples was typically 1 mA.
nominal compositions BBr,CaCyOg. and The oxygen in excess of the stoichiometry was quantita-
Bi1 8Py 3451 01C& 0Lz 0010+ x» rESPECtively, were pre- tively assayed by iodometry, which in principle is essentially
pared by a typical solid-state reactidrstarting from nitrates  the volumetric estimation of the iodine liberated by oxidation
of the respective metals. The Bi-2212 single crystal was oboef iodide by the excess oxygen. The quantity of iodine pro-
tained by the alkali flux method from polycrystalline Bi- portional to the excess oxygen is titrated with sodium thio-
2212 using equimolar mixtures of KCI and NaCl as fluxes. sulphate solution using starch indicator. But, the presence of
The samples for irradiation were mounted in a targetCul affects the end point of titration in the way that iodine is
holder assembly which is schematically shown in Fig. 1. Itlierated partially. We eliminated this by complexing (G
consists of an aluminum flange over which the samples wergith citrate, which prevents reduction of QU to Cu(l).®
mounted. Aluminum was employed as flange material sincerhe sample in powder form was dissolved in a minimum
the nuclear reaction cross section of 40-Me\particles and amount of ice cold HBr. The solution was prepared in a
15-MeV protons with aluminum is very low. The dose accu-conical flask closed with a teflon stopper and kept in ice to
mulating on the target materigdample kept on the flange prevent the escape of bromine by evaporation. Dissolution of
was estimated from the total charge of projectile partictes ( the sample was enhanced by stirring. Five milliliters of 1
or protor) deposited on the samples which was measuregholar sodium citrate was added to the solution. Potassium
with the help of a Danfys current integrator and scalar eleciodide was added to it and the mixture well stirred and kept
trically connected to the flange. The target flange was insuin the dark. It was titrated with sodium thiosulphate with
lated from the beam tube by a perspex flange and teflon bustonstant stirring. Excess oxygen content thus estimated volu-
in the screws connecting the target flange and the beam lingnetrically was precise and accurate+®.001.
A defocused beam of projectile particles was taken to obtain
uniform distribution of irradiation dose on the target. We
employed pressurized waté24 psig flowing through the . RESULTS AND DISCUSSIONS
target flange which yielded a temperature rise~df0 °C of
the sample as monitored by a thermocouple sensor placed
inside a groove of the flange in close proximity of the X-ray diffraction patterns of some irradiated Bi-2212 and
sample. This temperature rise did not affect the radiationBi-2223 samples are presented in Figs. 2 and 3, respectively.
induced defects in any significant way. Figures 2a)-2(f) give patterns for Bi-2212 polycrystalline
Polycrystalline Bi-2212 samples df.=73 K in the form  samples, unirradiated as well as irradiated with 40-MeV
of pellets of thickness 0.5 mm were irradiated with 40-MeV particles at various doses. The characteristic reflection lines
a particles with doses of 210%, 4x10'® 6x10% 8 of the unirradiated samples are present in the irradiated

-—

R E———

FIG. 1. Target holder assembly for irradiation.

The primary factor for radiation damage studies is dis-
placement per atom or d.p.a. Using ttrem-95 version of the
Monte Carlo simulation coderiM developed by Biersack
and Haggmark,we have calculated the d.p.a.’s of various
ions in Bi-2212 and Bi-2223. Considering the average dis
placement energy of atoms to be20 eV, d.p.a.’s at a dose

A. X-ray studies
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FIG. 3. XRD patterns of unirradiated ardirradiated Bi-2223.
26(Degrees) that at low d.p.a., the grain boundaries being regions of high-

FIG. 2. XRD patterns of polycrystalline Bi-2212 at various €St energy have been subjected to disorder caused by particle
doses. A: zero dosdunirradiated; B: 2x10%a/cm?; C: 4  irradiation. The point-defect density in the early stage of ir-
X 10%/cn?, D: 6x10%«/cn?, E: 8x10%/c?, F: 1  radiation is higher near a grain boundary than in the bulk of
X 10'a/cn. the grain'®!! The retainment of characteristic reflection lines

of x-rays in our case bears signature to the fact that there has

samples. Figure 3 depicts the x-ray diffractiodRD) pat-  not been any phase transition, which was earlier observed in
terns for the unirradiated Bi-2223 sample as compared tthe case of Bi-2212 thin films irradiated with 50-Ke¥
some representative 40-Me¥-irradiated samples at doses particlest?
of 1x10" 1x10 and 2x10“ a/cn?. Here also, the
characteristic reflection lines of the unirradiated sample are B. T, and resistivity
retained in irradiated samples. Similar characteristics in x-ray

; . . . o Resistivity versus temperature plots of some irradiated
diffraction patterns are noticed in proton-irradiated samples : . .
of Bi-2212 and Bi-2223. samples of 40-MeVa-irradiated Bi-2212 polycrystals and

There have been slight shifts of 00l peaksaifirradiated single crystals as compared to the unirradiated samples are

Bi-2212 samples towards lower angles as compared to thoé)e(esented in Figs.(d), 4(b), and 5, respectively. Figures

of the unirradiated sample. The average lattgearameters and @b) giye re§istivity Versus tempera_lture plotg for'the
obtained from indexing various 00l peaks are presented iﬁ)olycrystallme 8'31%23 Sarg@,'es’ un(l)rlréadlatedofénd iradiated
Table I. We have observed an overall increase incipa- at doses of X107, 2Xx10% 3x10% 4x10% and 1
rameter in the irradiated Bi-2212 samples. The overall in- . . )
crease in the parameter accompanied ?Nith the decrease i TABLE 1. Change of lattice parameter of polycrystalline Bi-

- . g 212 with dose.
oxygen content due to particle irradiation was also observe With dose

in YBa,Cu;0;_ 5 (YBCO) and Bi-2212 by Linkeret al® In Dose Average Parameter
the case of Bi-2212 irradiated with 40-Me¥ too, the in- (alcn?) (A)
crease in the parameter can be explained by the irradiation-
induced knock-out of oxygen, whereby the hole carrier con- 0 (A) 30.801
centration in the Cu@plane decreases, causing increases in 2x10% (B) 31.303
both a andc parameters. 4x10% (©) 31.223

The retention of distinct reflection lines in all irradiated 6x10'° (D) 31.341
samples clearly indicates that there has not been any transi-gx 105 (E) 31.125
tion from crystalline to amorphous phase due to irradiation. 1x 1016 (F) 31.223

The slight broadening of lines can be explained by the fact
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ey FIG. 5. Resistivities of Bi-2212 single crystals, unirradiated and
—_ a ,.f"j irradiated at various doses.
g 5
b v 6x1015¢x cm_2 '_y"’"f
(lj e dose of 1x 10" protons/cm, the knock-out is not appre-
g 4 ° Unirradiated ® ciable and the change i, is not significant. Figure 7 shows
N the trends ofT.(R=0) and excess oxygen content versus
>3 dose in a-irradiated Bi-2212. Unlike polycrystalline Bi-
e 2212, there has been no increasd yonsej and no change
> . . . . . .
o in oxygen content in particle irradiated Bi-2223. In most
a2 cases(both proton anda irradiation on Bi-2212 and Bi-
% 2223, there are increases of transition widtisT(;) as evi-
< 1 dent from Figs. 4—6.
The unirradiated polycrystalline Bi-2212 @f=73 K has
an x value (i.e., oxygen content in excess to that of stoichi-
0 ometry of 0.204 as evident from iodometric estimations.

60 90 120 150 180 210 240 270 300 Excess oxygen is the source of the hole carrier in these cu-
prates.T. is related to the hole carrier density and hence
Temp (K) excess oxygen contefw). In Bi-2212, T, increases initially
with X, goes to a maximum, and then decreases with the
FIG. 4. (a) Resistivities of unirradiated and irradiated polycrys- increase ok following a typical dome shaped curv&!*The
talline Bi-2212.(b) Resistivity of polycrystalline Bi-2212 at highest excess oxygen contents corresponding to the peak values of
dose. T, vary from 0.15 to 0.18%1* The excess oxygen in unirra-
diated polycrystalline Bi-22120.204 corresponded to the
x10%a/cn?. T, (R=0) and the oxygen conterfx) in ex-  right or the overdoped side of thE. versus oxygen dome-
cess of the stoichiometric values @firradiated Bi-2212 and shaped curve in Fig. 3a of Ref. 13. As oxygen content of the
Bi-2223 polycrystalline samples are presented in Table Ilunirradiated sample was in excess to that0(16 corre-
Table Il lists T,(R=0) and excess oxygen conterii¢ of  sponding to the maximurii, it is expected that there would
proton irradiated polycrystalline Bi-2212 and Bi-2223 be an increase i, on reduction of oxygen content. Thus,
samples at different doseE.(R=0) of the unirradiated Bi- the increase i for the irradiated samples was due to the
2212 polycrystalline sample was 73.1 K. There has been aloss of excess oxygen. The peaklg{ R=0) corresponds to
increase inT,, up to the dose of & 10'%a/cn?. The sample a dose of=6X 10*°«/cn? and the equivalent oxygen content
irradiated at the highest dose ok1L.0'a/cn? showed non- is 0.10 as revealed from Fig. 7. For a comparative study, we
metallic behavior in resistivity from 300 to 100 K and in the have plotted normalized.'s [T./T.(maX, whereT.(max
case of Bi-2212, there was a fall in resistivity around 100 Kis the maximumT, attained for the systefnersus excess
but T.,(R=0) was<10 K, the lowest temperature achievable oxygen content. Figure 8 shows such plots for both normal-
in our cryogenerator. From Table I, we see that oxygenzed T,(R=0) and T.(onsej of 40-MeV a-irradiated Bi-
contents of Bi-2212 samples have decreased with dose. 2212 along with normalized, of Allgeier and Schilling:®
the case of proton irradiation too, there is marginal knock-Normalized T (onsej peaking atx~0.15 in our case be-
out of excess oxygen as evident from Table Ill. Below thehaves similar to their case.
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TABLE II. Variation of T, excess oxygen, and other param-

250
L eters with dose for polycrystalline Bi-2212 and Bi-2223 irradiated
b . 1x10'%x om” with 40-MeV « particles.
’g 200 | Y
[ R \ Dose T.(R=0) Tc(onse} Excess oxygen
7 ] — (alen?)  (K) (K) ¥
Cé 1s0 F 1 S Bi-2212
~ L N 0 73.1 90.5 0.204
> N 2x10%° 74.3 92.3 0.190
t i00fF ¢ 4x10% 75.8 94.8 0.150
:E Fo 6x 10" 76.3 92.7 0.100
n Eo. 8x10'° 66.5 88.5 0.080
© sof . 1x10% Tc(on§e1 around 100 K
o N Bi-2223
: 0 112.0 122.0 0.100
0 S, 1x10% 1110 122.0 0.100
60 90 120 150 180 210 240 270 300  2X10°  108.0 122.0 0.100
3x10%° 105.8 121.8 0.100
Temp (K) 4x10% 1036 121.6 0.096
1x10% 64.0 94.0 0.096
20 r
-
— ; effects of all these may give rise to different values of

g 16 F T.(onsej for @ and proton irradiation, even when the oxygen

(I’ - contents are the same.

c T.(onse} is the temperature at which grains become su-

g 12k perconducting. The granular, is controlled by the lattice

~ oxygen content. Henc&(onse} is affected byx, the excess

_f_>; E oxygen, wherea3 (R=0) is controlled by the intergranular

S 8L links too. As discussed earlier, in polycrystalline samples,

g b grain boundaries are regions of the highest energy and most

R r vulnerable for radiation damage such as enhanced formation

@ : of defects, outdiffusion of oxygen, etc., which lead to de-

e 4F struction of weak intergranular linksand depression of

T.(R=0) even at lower doses of irradiation, whereas the
- granularT,, i.e., T.(onse} is not affected.
O ||||||||
60 90 120 150 180 210 240 270 300 TABLE Ill. T, and oxygen content of proton irradiated Bi-2212
Temp (K) and Bi-2223 samples.

FIG. 6. (a) Resistivity plots ofa-irradiated Bi-2223. A: unirra- Dose T.(R=0) T.(onse} Excess oxygen
diated; B: Ix 10%a/cn? ; C: 2x 10%a/cn? ; D: 3X 10%a/cn?; E: (protons/crA) (K) (K) (X)
4x10%a/c?. (b) Resistivity of Bi-2223 irradiated with
a-particles at high doses. Bi-2212

0 73.1 90.5 0.204
: L _ 5x 103 735 91.5 0.204

T.(onsej values in case of proton irradiation are slightly 1104 735 925 0.203

different than in case of irradiation, even when excess 15 ' ' '
1x10 74.0 94.0 0.200

oxygen contents are the same. Actually, the changes of 15

. . . . 2x10 74.8 95.8 0.195
T.(onsej with excess oxygen in different cases are qualita- 15
tively similar, not quantitatively and hence the peaking of 5x10 739 95.9 0.180
T.(onse} also varies in different casé$* Thus, there is not Bi-2223
exactly one to one correspondence betw@g(onse} and 0 103.6 120.6 0.100
oxygen content for different systemik, depends on carrier ~ 5x10% 104.5 120.5 0.100
concentration, which is controlled by oxygen and other ions. 1x10* 103.5 120.5 0.100
In these nonstoichiometric defect based superconductors1x10'® 103.2 120.7 0.100
cationic vacancies and other defects also control carrier con-2x 10'® 103.0 120.5 0.100
centration. Irradiation-induced defects and disorder manifestsx 10!° 103.0 120.5 0.100
in not only oxygen displacements, but also in other cationic gx 10! 100.0 119.0 0.095
displacementgsuch as Cu, Sr, efc.The extents of these are 11016 96.0 118.0 0.095

also different ina and proton irradiation. The cumulative
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FIG. 7. Change off . and oxygen content with dose for poly- ' ' ' :
crystalline Bi-2212. 0 4 8 12 16 20
_ o ) ] 15 2
It is the radiation-induced destruction of weak intergranu- Dose (10 /cm )
lar links in polycrystalline samples that causes an increase in .
the transition width and fast decrease Tig(R=0) of the FIG. 9. Tc/Tco as a function of dose.

40-MeV «-irradiated Bi-2212 sample at higher dose where ity gecrease in the carrier concentration caused by the knock-
is underdoped with respect to oxygéig. 8). This is re- 4yt of oxygen by particles. Linkeret al® also observed a
flected in the overdoped region too. In the overdoped regionyecrease i, for Bi-2212 film in the underdoped region and
the irradiation-induced knock-out of oxygen increa$g®n  concluded that the defect structures connected toTthee-

the one hand and the destruction of intergranular links CcausgSessions are mainly oxygen displacements.

a decrease ifi . Hence, thel ((R=0) versus excess oxygen = The qualitative difference between changed jrof poly-
curve is less sharp than that of Allgeier and Schilling aserysialline and single-crystalline samples of Bi-2212 on par-
reflected in Fig. 8. o _ ticle irradiation (both proton andx particles can thus be

In the case of the unirradiated single crys@$ grown,  nderstood from the difference in the levels of doping in the
Tc increased to 83 K after annealing in oxygen. Thus, it wagnjrradiated state; the single crystal is underdoped and poly-
in the underdoped region of the dome shaped C&'}‘_BD' & crystals are overdoped with respect to oxygen. Particle irra-
decrease if; by 40-MeV « irradiation can be explained by giation causes knock-out of oxygen as well as an increase in

transition width AT.) for the reasons mentioned earlier.
1.05 T.(R=0) changes due to irradiation are manifestations of
I both these effects.

If the superconducting pair wave function is written as
¥ =5e'*, whered is the pair amplitude and is the phase,
then there are two ways to destroy superconductivity, either

by reducingé, or by destroying the coherence of In the
o/ o case of A-15 superconductors irradiated with light charged
o particles like «, there is a steady decreaseTig with the
dose of irradiation until there is a saturation where the elec-
tronic mean free path is reduced to the level of interatomic
0.85 |- X spacing. Reduction iff; results from the lowering of elec-
: tronic density of states due to increased electron defect scat-
[ v Tc(R=O) \V4 tering, i.e., amplitude reductioni. On the other hand, the
0.80 I _ Te(Onset) behavior of highT. superconductors is reminiscent of the
I . destruction of phase coherence. Continuous broadening of
075 | ° Tc(Cl)nset) (IAlllglellerl elt ‘all the transition width with dose brings forth this fd€t.
" 0.05 0.10 0.15 0.20 0.25 In Fig. 9, we have plotted.(R=0) normalized with re-
spect tol oo [WhereT . is T,(R=0) for the unirradiated orle
Excess Oxygen against fluence ®) for our 40-MeV a-irradiated Bi-2212
single crystal and proton irradiated YBCO films of MeYyer

FIG. 8. T./T.(max as a function of excess oxygen content. The for comparison. A decrease iR, is fairly linear with dose.

arrow points to the oxygen content for high@stonsej. dT./d® comes out to be 2.2710 **K/particle in the case

1.00 — V7O§g)o\\
T TR

0.95 -

0.90 |

T./T.(max)
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grain boundary causing increase in resistivity is more domi-
nant in irradiated polycrystalline Bi-2212 than in polycrys-
talline Bi-2223.

The marginal increase df; and decrease gy at the
dose of 5< 10'%¥cn? for Bi-2223 are indicative of annealing

of defects at low dose. A similar decrease in resistivity was
also noticed earlier in thin films of YBCO irradiated with a
low dose of heavy ions (Z&/cn?) such as boron, arsenic,
etc.1’ and can be explained by the ordering brought about by
the mobility of defects. At a low dose of irradiation, mobile
defects were seen to increase the long-range order in partly
ordered metallic alloy§ and bring ordered structure in
orthorhombic YBCOL’ At higher fluences, radiation-induced
disordering becomes dominant and hence, resistivity in-
creases.

Variations ofdp/dT with dose for 40-MeVa-irradiated
Bi-2212 single crystals and Bi-2223 polycrystals and 15-
MeV proton irradiated Bi-2212 and Bi-2223 are demon-
strated in Figs. 1(B) and 11b). Figure 11a) shows the plots
for « irradiation and Fig. 1) for proton irradiation. The
dose in case of proton irradiation is given in log scale to
cover a wide range, 810" to 5x10%cn?. dp/dT of
samples generally increased with the dose of irradiation. The
increase ofdp/dT may be an indication of a decrease of
r(n/m*) with dose, wheren is the carrier concentration and
m* is its effective mas$® In Bi-2212 system, the knock-out
of excess oxygen may contribute to the reduction of hole
carrier density. The increase of effective mass may occur due
to radiation-induced disorder, and hence there is decrease of
(n/m*) with irradiation which is dominant in the case of
Bi-2223. In the case of Bi-2212, the slope gi/dT versus
fluence comes out to be 360 ¥ mQ cm/K/particle and
1.7x 10 '8 mQ cm/K/particle for a-irradiated single crys-
tals and proton irradiated polycrystals, respectively.

0 1 2 3 4
15 : 2
Dose (10" particles/cm® )

FIG. 10. Room-temperature resistivity) of irradiated samples
as a function of dose.

of Bi-2212 single crystals, quite large as compared to that i
single-crystalline YBCO filml. A decrease inT, in both
cases is due to irradiation-induced knock-out of oxyden.
depression by irradiation in the case of Bi-2212 single crys
tals is more than for YBCO films also when normalized with
respect to d.p.a. Bi-2212 is more sensitive to particle irradia
tion than YBCO because of more defect stucture present.

The metallic behavior of resistivity is retained for all
doses in proton irradiation and less thaw 10'%cn? in the
case ofw irradiation. We have plotted room-temperature re-
sistivity (pzog) versus dose for 40-MeV and 15-MeV pro-
ton irradiated Bi-2212 and Bi-2223 in Fig. 10. In the case of
YBCO films irradiated with charged particles, the resistivity
was increasing exponentially with fluence following the re-
lation p=p%expFp® /A),}” wherep® is the resistivity of the ior by « irradiation at a dose of % 10'«/cn? and higher for
unirradiated samplel-p is the deposited energyh is the  both Bi-2212 and Bi-2228Figs. 4b) and Gb), respectively.
dose, andA is a constant with dimension of energy density. The nonlinear behavior of resistivity is indicative of localiza-
In our case, for all irradiated Bi-2212 and Bi-2223 samplestion of charge carriers caused by irradiation-induced disor-
first-order linear fits inp versus® are better than that for der. This was also observed by various groups in YBCO and
In(p) versus®. x? values for various fits are listed in Table Bi-Sr-Ca-Cu-O systems irradiated with neutrons at doses of
IV. Contribution to a larger increase mwith irradiation in ~ 1xX10'%cn? and higher=22 The localization effect mani-
the case of the polycrystal comes primarily from the grainfested in the case of neutrons at a dose higher than 7
boundaries where the point defect density is larger. X 10'¥cn?, is noticed in the case of 40-Me¥ at a moder-

In comparison with Bi-2212, the rate of change in resis-ate dose of X 10'%cn? for both Bi-2212 and Bi-2223. This
tivity of Bi-2223 is less as evident from the respective slopeds because of much higher energy depositadan order of 3
dp/d®, 5.8<10 ¥ mQ cm/particle and 1.810 *mQ  more than that of neutrohsin the case of 40-MeV
cm/particle for proton irradiation, even though the d.p.a.’s ina-particles. The strong disorder induced in these systems at
both cases are fairly close. The outdiffusion of oxygen in thedoses of & 10%a/cn? is revelant from the d.p.a. (1

C. Nonmetallic resistivity at high doses

The resistivity changed from metallic to insulating behav-

TABLE IV. x? values for various fittings of resistivity versus dose.

Sample x? (exponential x? (linean
Bi-2212 single crystal ¢ irradiated 0.1653 4.95x10°?2
Bi-2212 polycrystal(proton irradiated 0.0850 2.28x107?
Bi-2223 polycrystal ¢ irradiated 0.0300 1.80x10°?
Bi-2223 Polycrystalproton irradiategl 0.0600 3.66x10°?2
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59 F 35.1
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5.5 B, o T Lt i 3 4.9
0.00 ! | 0.25 0.26 0.27 028 029 0.30

13 14 15 16
10 10 10 10 -1/

Dose (protons/cm2 )
0.05 FIG. 12. Plot of 3D VRH fitting in nonmetallic part of resistiv-
ity.
Bi-2212 single crystal =0.52425 Substituting YII1) in the Cdll) site causes a low-
0.04 . . ering of carrier concentration. From the general phase dia-
v Bi-2223 (polycrystalline) gram for these systems, it is now evident that they are Mott-
Hubbard insulators at very low carrier concentration and
become superconducting as the carrier concentration is in-
creased to a certain extent and the normal-state behavior
changes from insulator to metalf&:2° For the carrier con-
centration corresponding to the crossover region from metal
to insulator, the conduction is generally seen to occur
through 3D VRH®
The reasons for transition from metal to insulator behav-
ior of the irradiated sample at the highest dose may be two-
fold: (1) lowering of carrier concentration due to the knock-
0.00 ! ! ! out of oxygen, (2) generation of localization caused by
0 1 2 3 4 irradiation-induced disordéf. There is a difference between
15 2 the irradiation-induced localizations in Bi-2212 and Bi-2223.
Dose (10 a/cm’) In a-irradiated Bi-2223, the change of carrier concentration
- . I . due to change in oxygen content is not significant, which is
_FIG. 11. Variation oidp/dT with dose (&) a-irradiated BI-2212 ) 1in 2t inq-irradiated Bi-2212 as evident from iodometry.
single crysFaIs ?”d polycrystglhne Bi-222) Proton irradiated Rather localization caused by the radiation-induced disorder
polycrystalline Bi-2212 and Bi-2223. plays a major part in the case of Bi-2223.
x1073%), which is comparable to the neutrons at a dose of 7\{Ve have esﬂmatgq .the chahzanon Iength denoted as
1x10%cm?. In Y-Ba-Cu-O, activated conduction was & - FOr 3D VRH,a % is d?“"ed fromTE) using the fol-
dominant in the nonmetallic region as evident from fairly lowing expression-To=(16a")/[ksN(EF) ] N(Ef) is th?
linear behavior in the plot of the logarithm of resistancedenSIty of state_s at the Fermi level akg is Bo_ltzmanns
(InR) versus inverse of temperatuf&/T).2% In our case, In constant. For Bi-2212, the values Nf{Eg) obtained from

: ; : ific-heat data range from 1.25 to 5@ 2
(p) versus 1T is not linear and we tried to analyze the non- SP€¢! . 3033
linear behavior of resistivity in the framework of variable states/eV/R (for three dimensions™**We have taken the

N 30 - —1y
range hoppingVRH). Normally, the resistivity in the insu- Valll:)e7 ,&Lszrﬁfgtsj EZ/ o _P;s (Iqouciilzlg\t/:/ocr:]olr?npgatrheted tcz ;Eat
lating region is given by = poexd (To/MY@ V], where the ~ -7/ A a ,
hopping conduction of carriers occurs uhdimensior?® (60-80 A in the case of BiS,,Ca_,Y4ClpOg . in the 3D-
Here, T, and p, are constants. Thus, for two-dimensional VRH regime at thgocrossover of the metal-to-insulator tran-
VRH, p=poext (To/T)¥3], and for three-dimensional VRH, sition (for x=0.55.”" Our value is comparable to that far
p=poexA(To/T)™] =0.6. In the case of Bi-2223, the localization lengti ¢) is

p= poexd (To/T)]. N ;
In our case, the best fit was obtained in the case of tpe In ;&Se'&’ around five times the Cu-O bond length in GuO

vs (T) Y4 plot in the temperature range 256—115 K for Bi-
2212_ anq 190-120 K for. B|—22_2(3:|g. 12. Thus, the con- V. MECHANISM OF OXYGEN KNOCK-OUT

duction in the nonmetallic region proceeds through three-

dimensional (3D) VRH. A similar metal-to-insulator The Cu-O bond in the CufOsheet is the strongest bond
transition was observed in Br,Ca ,Y,C,Og, at x  and it controls the lattice constaritsThe other layers in the

0.03

0.02

do/dT (mQ-cm)

0.01




PRB 58 IRRADIATION-INDUCED OXYGEN KNOCK-OUT AND. .. 15143

crystal structure are constrained to match the Csi@et and TABLE V. Excess oxygen values calculated framm and dif-
thus internal stress is generated within the crystal structurdusion.

The lattice stability in these cuprates is governed by a toler=
ance factor defined 3& Dose(per cnf) 40-MeV a  20-MeV a  15-MeV proton

2x10% 0.1854 0.1914 0.1982

A—0O 4x10'° 0.1480 0.1648 0.1861

t= 2B-0) (1 x10 0.1034 0.1335 0.1718
8x10% 0.0553 0.0990 0.1564

In Bi-2212, A-O and B-O are bond lengths of Bi-O in the
rocksalt block and Cu-O in the perovskite block, respecwith the experimental values obtained by iodometry given in
tively. In perovskites, for stable structure, thealue should  Table Il. It is seen that these two data are in close agreement
be as 0.8t<0.9.% If the bond lengths are taken to be the except for the highest dose. Thus, it establishes the mecha-
sum of the ionic radii of the respective ions, then with nism of knock-out of oxygen by the charged particle irradia-
rei+=0.93A, r;2y=1.4A, rcp+=0.72A, t comes tion followed by the diffusion from pores.
out to be 0.78 in Bi-2212, and is less than the value needed The oxygen vacancies are created mostly in the bulk as
for structural stability and an internal strain is developed. little energy is lost at the surface and that through ionization.
Since the Cu-O bond is rigid, the strain due to lattice mis-As the projectile particle loses energy with depth, the non-
match can be relieved by the increase of #he bond ionizing energy loss dominates and displacement and the
length, which can be attained either by substitution of'Bi  knock-out of oxygen become dominant. The damage profile
by larger ions or by accommodating excess oxygen in thén terms of oxygen vacancies in Bi-2212 with depth due to
Bi-O layer. In undoped Bi-2212, the latter process occursijrradiation from both sides of the sample for proton irradi-
whereby the Bi-O bond distance increases to 2.6 A and thated Bi-2212 as a representative case has been shown in Fig.
tolerance factor comes within proper range. This excess oxyt3. In the case of proton irradiation, the damage distribution
gen resides in the Bi-O layer because of more repulsion beand henceT., distribution are fairly uniform. This is the
tween the lone pair of electrons in Bi ions and oxygen manifestation of irradiation from both sides of the samples.
along thec-axis®* The extra oxygen atoms form rows along The minor local variations i, due to oxygen contents
the a-axis causing incommensurate modulatibithey are  cannot be probed as our resistivity measurements are global
not valence bound. The binding energy of these extra oxygebulk ones. This variation occurs for all doses and would not
atoms is very low €0.073 eV},*” and hence they are vul- affect the trend of data presentation in Fig. 8 which depicts
nerable to be knocked out by energetiqarticles and pro- the variation ofT. normalized with respect t®.(max ver-
tons depending on the amount of energy deposited by theus oxygen content varying with irradiation dose.
projectile. In Bi-2223 synthesized by partially doping Pb in the Bi

The decrease in oxygen contént the knock-out of oxy-  site, the tensile stress in the Bi-O layer is relieved by substi-
gen from the Bi-2212 sample can be understood to occutution of larger PB" ions (1.2 A) in the BFf* (0.93 A) site.
through the following stepq1) Appreciable oxygen vacan- So, Pb doped Bi-2223 does not accommodate excess oxygen
cies are created by charged particle irradiation-induced dissignificantly. Plgll) substituting B(lll) provides holes to
placement at a dose 1x 10'° particles/cr. (2) These dis- CuOQ, layer, thereby relieving its compressive stress. Hence
placed oxygen atoms occupy pores which are energeticalljhere is no loosely bound oxygen to be knocked out. In Bi-
favorable to them(3) These “free” or labile oxygen mol-
ecules diffuse from pores to the outsidef the samplg 7
which is in vacuum during irradiatio?!. This is the driving
force for migration which is controlled by diffusion. The rate 4

6 _\ /
F o—

of oxygen atoms/molecules diffusing out is proportional to
the atoms/molecules of oxygen present in pores. At room
temperature, there is no reabsorption of oxygen by Bi-2212
and hence a net decrease in oxygen content occurs.

We have calculated with the help of the modified version
(TRIM-95) of the simulation programrim developed by Bier-
sack and Haggmarkthe number of vacancies created by
displacement of loosely bound oxygen due to charged par-
ticle irradiation®” We have taken the binding energy of this
loosely bound oxygen as 0.073 eV, supported by the experi-
mentally observed H value for liberation of loosely bound
oxygen from the compound as obtained from thermogravi-
metric analysis(TGA) and differential thermal analysis F
(DTA).*® The detailed calculations are presented 1k
elsewheré’ Values of the excess oxygen obtained from
TRIM-95 calculations for Bi-2212 irradiated with 20-Me¥, Depth (mm)
40-MeV «, and 15-MeV protons at various doses are pre-
sented in Table V. The data for 40-MeY¥ can be compared FIG. 13. Damage profile of proton in Bi-2212.

No. of oxygen vacancies
N
T
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2223, because of the absence of loosely bound oxygen, onll,., resistivity, etc., by irradiation. Theoretical estimates
strong lattice bound oxygen comes into the picture for beindhave been done for the amounts of oxygen knocked out in
knocked outTRIM-95 calculations show the number of oxy- irradiated Bi-2212 at various doses using Monte Carlo pro-
gen atoms displaces 5/ion in case of Bi-2223, whereas the gramTRImM-95 and there have been close agreements with the
same in case of Bi-2212 containing loosely bound oxygen igxperimental values obtained by iodometry. At a high dose
around 110/iori! This gives rise to the difference in Bi-2212 of 1x 10%/cn?, there is a change to nonmetallic behavior

and Bi-2223 with respect to oxygen knock-out. in resistivity with 3D VRH conductivity in both Bi-2212 and
Bi-2223. The change in behavior of resistivity in Bi-2212
V. CONCLUSION was due to the decrease in oxygen or, hole carrier concen-

) ) tration so as to cause a transition from metallic to insulator

We have carried out 40-Me¥-particle and 15-MeV pro-  region. We have calculated the localization length and it
ton irradiations on BiSLCaCyOs. (Bi-2212 and  comes to be low, around 3-5 times the Cu-O bond length in
Bi1 8Py 3451 91C8 0dCUs 0¢O10+ x (BI-2223) at various doses  the cuQ layer. In contrast, the metal-insulator transition
up to 1 10*° particles/cri. We have employed both single- prought about by irradiation in Bi-2223 is not due to the
crystal and polycrystalline samples in the case of Bi-2213qyering of hole carrier concentration, but due to some kind
and polycrystalline samples in the case of Bi-2223 systemg |ocalization caused by the irradiation-induced disorder.
for irradiation. There was little evidence of structural break-Here also, the localization length is quite low.
down or phase change. In Bi-2212, there were distinct evi-
dences of the knock-out of oxygen caused by particle irra- ACKNOWLEDGMENTS
diation. In case of the bulk polycrystalline samples, this was
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