PHYSICAL REVIEW B VOLUME 53, NUMBER 18 1 MAY 1996-II

Effect of oxygen defects on transport properties andr . of YBa,Cu3Og. «:
Displacement energy for plane and chain oxygen and implications
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The effect of electron irradiation with energy from 20 to 120 keV on the resistivity, Hall coefficient, and
superconducting critical temperatuFg of YBa,CusOg ., thin films has been studied. The threshold energy of
incident electrons folf; suppression has been found, and the displacement energy for oxygen jrplan€s
has been evaluated as 8.4 eV for irradiation alongcthgis. The kinetics of production of the in-plane oxygen
vacancies has been studied and found to be governed by athermal recombination of vacancy-interstitial pairs.
The evaluated recombination volume constitutes about 21 unit cells. The increaseTidinkar resistivity
slope and Hall coefficient at unchang&g was observed in irradiations with subthreshold incident energies
and was ascribed to the effect of chain oxygen displacements. The upper limit on the displacement energy for
chain oxygen has been estimated as 2.8 e\=h0.9 samples th&; suppression by in-plane oxygen defects
and increase in residual resistivity have been found to be, respective8Q K and 1.5 ) cm per defect in
the unit cell. It is shown that ;. suppression by in-plane oxygen defects is a universal function of the transport
impurity scattering rate and can be described qualitatively by pair-breaking theatywave superconductors
with nonmagnetic potential scatterers. Evaluation of scattering and pair-breaking rates as well as the scattering
cross section and potential is given. A comparison of the influence of in-plane oxygen defects on transport
properties with that of other in-plane defects, such as Zn and Ni substitutions for Cu, is alsof BGI&S-
182996)02718-1

[. INTRODUCTION though both have roughly the same effect on resistivity.
Monthoux and Pinés(MP) have recently explained this fact
An enormous amount of work has been done on the studipy assuming that Zn impurities suppress spin fluctuations,
of defects and their effect on the transport, magnetic, anevhich in their model mediate superconducting pairing of
superconducting properties of high-temperature supercord-wave symmetry. The effect of Ni impurities orT, was
ductors(HTS’s).! It is believed that these studies may pro- shown to be consistent with the pair-breaking effect of
vide the key to understanding unusual normal-state propepurely potential scatterefs.
ties and offer some insight into the mechanism of high- Since conducting planes comprise both Cu and O atoms,
superconductivity. In the most thoroughly studied com-another type of defects that can be produced is the defect on
pound, YBaCu;Oq., (YBCO), there can be basically two oxygen sublattice such as oxygen vacancy or interstitial. The
types of defects: in conducting Cy@lanes and in a “carrier influence of these defects on superconducting and normal-
reservoir” (CuO chainr-BaO planes Defects in the reser- state properties clearly presents a new avenue for study. This
voir, such as oxygen vacancies and cation substitutions, dis because, first, current carriers have maiplycharacter
rectly influence carrier concentration in the planes and thugsoxygen holes and move preferably on oxygen
affect superconducting and normal properties mainly due tsublattice and, second, both vacancies and interstitials carry
this influence. Defects in Cuplanes act mainly as scatter- charge in contrast to nominally neutral Zn and Ni impurities.
ing centers. Since the planes are believed to be responsibfdthough oxygen defects were routinely produced in all the
for superconducting pairing, the influence of in-plane defectexperiments involving high-energy particle irradiation of
on transport properties may provide information on scatterHTS’s;* it was rather difficult to extract their effect from the
ing and pairing mechanisms. For example, defect-inddged gross influence of various atomic displacements which oc-
suppression can serve as a test for pairing symmetry iourred. It was, however, established tfat suppression at
HTS’s because nonmagnetic defects are pair breaking in amarticle irradiation is proportional to the total nonionizing
isotropic pairing superconductors, but have little effecflon  energy loss, i.e., to the concentration of displaced afoms.
in isotropic superconductors. More detailed study clearly requires a selective tool capable
The most thoroughly studied in-plane defects in HTS'sof producing only oxygen defects, e.g., low-energy electron
are defects on Cu sublattice such as Zn and Ni substitutionsirradiation®~3
It is known that nominally nonmagnetic Zn impurities have a  Electron irradiation has proven to be one of the best ways
much stronger effect of, than nominally magnetic Ni, al- of creating uniformly distributed point defects in solitf
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For a solid, say, YBCO, displacements of atomic species osponds toE.= 80 keV and still seems to be an overestimate
a sublatticeé occur when the incident electron enerfgyex-  because the experiments by Leggtsal. were mostly done at
ceeds a threshold enerdy.. The threshold is determined high incident energies where the results are quite insensitive

from a condition that the maximum energy transfer at anto the value ofEdo. No attempt to determinEdo(chains)
elastic electron-atom collisiok;,,, become greater than the using methods different from those used in Refs. 4 and 11

corresponding displacement ener@);, where (observation of changes in crystal lattice parameters, micro-
structure, and twin structure in TEVhas yet been under-
En=2E(E+mc)/M,c?. (1)  taken.

Clearly, a straightforward method of evaluatiE@ would

The defects formed due to such a knock-on process aige direct observation of the threshold in irradiation-induced
known to be vacancy-interstitial pairdrenkel defects changes ifl, andp as a function oE. Since, as we expect,

These pairs are stable if the vacancy-interstitial separatioflis threshold lies below 80 keV. such an experiment re-
exceeds some critical distance which depends on the materigires thin films rather than single crystals in order to ensure
and type of crystal lattice. IE 4 is known, the displacement ,,itorm distribution of defects. Therefore, in this work we

cross sectionry can be calculated, providing the basis for gy gieq the effects of electron irradiation in the energy range
further evaluation of the concentration of defects and  from 20 to 120 keV on the transport and superconducting
guantitative analysis of defect-induced changes in tra”SpOHropertieS of high-quality YBCO thin films. Preliminary re-
and superconducting properties. Therefore, the displacemegts have been reported in Ref. 8.

energy is a parameter of primary importance in many irfa-  the paner is organized as follows. After a discussion of
d|iat|_on experiments. Although in most qf the simple solids;},q experimental procedut&ec. 1), we give a detailed de-
Eg lies in the range from 10 to 30 eV, it may vary greatly scription of irradiation-induced changes in the resistivity and
depending on the material, type of crystal lattice, and crystafjo| coefficient(Sec. Ill A). The kinetics of defect produc-
lattice directiort: Despite these variations, due to the big ion under electron irradiation is presented in Sec. Il B.

difference in the atomic mass of atoms comprising YBCO,Then we present the evaluation of displacement energies for
the lowestEy should correspond to the Ilghteémxcyger) plane and chain oxygefSecs. IllC and Il D. From the
atoms. So it is easy to arrange a cond|tE)§%<|§<EC“ €n-  analysis of energy dependence of irradiation-induced change
suring that only displacements of oxygen will occur. Thej, T, and residual resistivity, we show th&S(plane) is
latter conditci)on corresponds & lower than some 300 keV. g 4+0 4 eV for the irradiation along the axis. Analyzing
However,E; has still to be evaluated, complicated by thehe changes in the Hall coefficient arfdlinear resistivity
existence of at least two oxygen sublattices, plane and chaigjope at irradiation with energies below the threshold for
There have been several attempts to deternfiffein  plane oxygen displacement, we estimate the upper limit on
HTS's, particularly in YBCO. Basiet al!' came up with  E(chain) as 2.8 eV. In Sec. IV we evaluate scattering and
E.=120 keV corresponding t&q=18 eV by observing a pair-breaking rates and discuss the pair-breaking mechanism
threshold energy for ae-beam-induced orthorhombic-to- of irradiation-inducedr . suppression. A comparison of oxy-
tetragonal phase transitigeee also Ref. )4 Since this value  gen in-plane defects with in-plane defects on Cu sublattice

is typical for most of the simple oxides, the estimate ofsych as Zn and Ni substitutions is also given.
18-20 eV has become widely ustd’ However, it seems

clear that the ortho-tetra transition is governed by the chain II. EXPERIMENT

oxygen content and, therefore, could be induced by oxygen

loss under irradiation. If so, th&. observed corresponds  Tg ensure uniform distribution of irradiation-induced de-
rather to the threshold for knock-on of chain oxygen into afects, 50-nm thin films were used. High-quality-oriented
microscope vacuum, which apparently requires higher enyBa,Cu,05. , films were grown epitaxially on LaAlQsub-

ergy than knock-on into an interstitial position. Another ex- girates using the Bafprocess with subsequent full oxygen-
planation is that the ortho-tetra transition under the beam wasijon (x~0.9). Details of the fabrication method, microstruc-
induced by a complete disordering of chain oxydem any  tyre, and properties of the films have been publishiadsing
event, the experiment by Basit al. does not tell us about ppotolithography and liquid etching, the films were patterned
oxygen displacements on CuPlanes, which supposedi#t  nto 10-um-wide and 40«m-long strips with four potential

low concentrationhave no effect on the crystal structure and gng two current leadéstandard six-probe configuratipfor

are apparently invisible in a transmission electron microesistivity and Hall measurements. A set of more than 40
scope(TEM), but would rather dramatically affect carrier samples has been studied. All of them were characterized by
scattering and’;. T.,pvsT, andRy vs T (in a 5-T coil before irradiation.
_On several occasions, we have reported about reprodughese measurements have shown that the nonirradiated
ible fabrication of Josephson weak links by lowerifigina  samples were nearly identical. Two types of irradiation ex-
narrow region across YBCO thin-film microbridges by a fo- periments were performed. In the first type, a sample from
cused electron irradiation with energy as low as 60 keV andhe set was irradiated sequentially and the transport measure-
also about changes in the resistivity even at 20-keV  ments were performed after each irradiation. In the second
irradiation}z These results Certainly Implled that tﬁ for type, each Samp|e was irradiated 0n|y once and an incremen-
both plane and, especially, chain oxygen is lower than 10 eV4g] irradiation dose was given to different samples of the set.
Recently, combining lowF electron irradiation within situ  The results were found to be consistent in both types of
T. measurements, Legrist al® evaluatedEg’(pIanes) and experiments. The irradiations were done at room temperature
EdCu as 10 and 15 eV, respectively. The former value correin a vacuum of a CM-12 Philips electron microscope, using
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accelerating voltage from 20 to 120 kV. The beam curtent -
was in the range from 3 to 50 nA. The substrate with the oo |- 1 nonirradiated, x~0.9 YBa,Cu,O
patterned film was attached to a brass sample holder using a L 2 7.810"° efem?
silver glue to ensure good thermal contact; the film was  sgo | 3 19107 efor”
grounded. Heating the samples under the beam was found to ! ‘; :;jgm :;‘;22
be negligible as verified bin situ resistivity measurements. 400 b & 54107 efom?
In these measurements, tliedependent resistivity of a - :
sample(YBCO or Nb film of the same thickness and on the
same substrateserved as a thermometer, thus providing the
best possible estimate of the sample temperature. The elec- 200 -
tron beam was scanned with a constant rate over the pattern
to accumulate the desired fluen®e=1t/e A, whereA is the 100 -
scanned areéypically about 20umXx15 um), t is the irra- I
diation time, ance is electron charge. The beam was perpen- 0
dicular to the film surface, i.e., along tleeaxis of YBCO.
The kinetics of accumulation of irradiation-induced defects
was studied usingn situ resistivity measurements during
irradiation. To minimize the possible annealing of defects,
the samples after irradiation were immediately placed into a 4500 o
variable-temperature He cryostat and the transport measure- i ; :gz 2‘:":r;f1'1t:n2 Eego keV
ments were repeated. The recoveryTaf, p, and Ry after 1000 | 3 =06, nonirradiated
irradiation was studied using anneals at 330 K in the He
atmosphere of the cryostat, followed by the transport mea-g 800 |
surements. I
Since it is known that irradiation of thin films which are
produced and remain on substrates can give property
changes which are related to strain in the film due to differ-
ences in the damage response between film and sub¥trate, o,
we also studied the irradiation response of YBCO films A
grown on different substrates such as LapICGBrTiO;, 0 : :
NdGaG,, and Si buffered by YSZ. Also, films of different 0 s 100 102000 280 800
thickness ranging from 25 to 200 nm were used. Another T®
potential source of error is a charging effect for a film on an
insulating substrate; charging effects have been known to
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even produce film breakage in extreme cases, thus possibly L T (©
contributing to an increase in resistivity. In order to eliminate 104 = 1
this possibility, YBCO films grown on highly conducting 1 "-_ l
doped Si substrates were also studied. In all cases the results6 8 1 o . 1
obtained were found to be consistent with the set of data = © %09, nonimadiated "a

£ 0 x+0.9, 3.4x10?'e/cm?, E=80 keV "

presented below. Also, special attention was paid to mini- oS 64 [ 0 o iied -
mize surface contamination of the samples. No decomposi- 2 ]
tion of films because of irradiation or sample degradation ~— 44 g

3
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caused by surface contamination or oxygen loss in the mi- € | )
croscope was observed in our irradiation experiments as veri- 21 0% °n 20200000, o ]
fied by means of reversible annealing experiments and trans- ] B L P T oooge,
port measurements. o EE——
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Ill. RESULTS

FIG. 1. In-plane(ab-averagetdl resistivity p of YBa,CuyOg . «
thin-film samples(a) x~0.9 samplesmade from one batch of film
Irradiation caused . suppression and the appearance ofafter different doses of 80-keV electron irradiation; dotted line
the residual resistivity,, as shown in Fig. (). The value of  shows suggested residual resistiyifyand T-linear resistivity slope
po Was determined as a zero-temperature intercept of the liny; (b) resistivity curves for the irradiated~0.9 sample and for the
ear extrapolation of-linear resistivity curves. The increase nonirradiated oxygen-deficient sample<{0.6) which has the same
in py definitely indicates that the irradiation produces oxygensuperconducting critical temperaturé) Hall coefficient of the
defects in Cu@ planes. We intentionally present here the Same samples as ib).
data for 80-keV irradiation at which neither the resistivity
nor T, would change if the oxygen displacement energydisplacement energy for these is likely to be the same or
were 10 eV or higher. Radiation damage is not selectivesmaller tharEdO(pIane). In order to discriminate between the
however; i.e., with some probability the incident electronsinfluence of oxygen defects on different sublattices, one can
may also displace oxygen on other sublattices because thmake use of the fact that oxygen defects in chains and BaO

A. Transport properties
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planes should decrease the carrier concentration in planes,
while the main effect of defects in Cy@lanes should be on
carrier scattering. In order to show that the changes observed
were not caused by a decrease in oxygen content in chains,
we compared, first, the-vs-T curves of the irradiated
sample and nonirradiated oxygen-deficient sample which has
the sameT .. The oxygen-deficient sample was prepared by
annealing the same film in He flow. The transport properties
of these two samples are very different as shown in Rig), 1
indicating that the irradiation has nothing to do with chain
oxygen removal. We arrive at the same conclusion when
comparing the Hall coefficient data on these two samples
[Fig. 1(c)]. It is seen that both the values &, and its
temperature dependence in the irradiated fully oxygenated
sample and in the nonirradiated oxygen-deficient sample 30
(with the sameT ) are totally different.

After annealing in a He atmosphere at slightly elevated
temperatures(300-330 K, T, and p of the irradiated ) . o ]
samples recovered completely. This indicates that the overall F'G: 2. Superconducting critical temperatdreidpoint of resis-

oxygen content remained unchanged under irradiation: i.elVe transitions vs normalized T-linear resistivity slope for
O atoms are displaced into interstitial positions rather tharY Ba,CL0g (X%.O'g) samples after e'.eCt.ron irradiation. Data for
into the microscope vacuum. oxygen-deficient single crystals and thin films were extracted from

In order to estimate the gross effect of all types of oxygensef' 17 (0), Ref. 28 (+), and Ref. 18 (V) and for
. ; . Ba,Cu;_,Zn,0,_ single crystals from Ref. 191). The upper
displacements on the carrier concentration, we looked, a 2ty 275 SINGEE CTY ) PP

S ?cale shows the approximate oxygen content and corresponds onl
next step, at the slope=dp/dT in the T-linear region. PP vo P y

: . . to nonirradiated single crystals. Lines drawn to guide the eye.
There is a well-established correlation betweemand hole

doping?® The origin of this correlation can be easily under- oxygen depletion, this change would imply a reduction in the
stood in a Drude model. While applicability of the Drude oxygen content by less than 0(ftom x~0.93 tox~0.85).
model and Boltzman transport theory to cuprates is actively-yen if such a reduction occurred, it would have had a neg-
debatedsee, e.g., Ref. J6we use this model from here on |igibje effect onT, as follows from the data in Fig. 2. We
for the sake of simplicity and qualitative interpretations. Soyjjj| discuss below that the likely cause of the increase: &t

in the Drude modep=m*/ne’r,. The transport scattering jrradiation is not the oxygen depletion, but rather oxygen

Oxygen content (approx.), x
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rate in the temperature range of thdinear resistivity can be
expressed as 4{=1/7y,,+2m\, T, wherel, is the transport

coupling constant and 44, is the transport impurity scatter-
ing rate. Thusa is proportional to\,/n. Since the carrier-
boson interaction constaif, should only weakly depend on
n due to the two-dimension&2D) character of the quasipar-
ticle spectrum, a change imwould mainly reflect a change
in the carrier concentration. Single-crystal datindeed

show a linear dependence @f* on the carrier concentration
or Drude spectral Weightof). So, ideally, if n does not

disordering in chains, which occurs simultaneously with the
production of in-plane defects, but is more pronounced at
low doses due to a higher displacement cross section. In any
event, the resistivity data suggest that the change in carrier
concentration in irradiated samples is small and cannot be
responsible for the observag suppression.

Let us now turn to the Hall coefficient data on irradiated
samples, shown in Fig. 3. Unfortunately, there is no simple

change at all, the slope of resistivity curves before and after U

. S . 30 F E=80 keV * nonirradiated
irradiation should be the same. Figure 2 shows the normal- 6 %o o 78x10" elem?
ized sloped/ay for the irradiated samples, whetsg is the L, s 416102 ejem? ]
resistivity slope before irradiatiotthe typical value ofy, in 25 1 g 0 o 2.0x10% efom® 1
the films studied is 0.8 cm K™1). In order to compare the 5 ¥ Ag o o 3.4x10%' efem® |
irradiation-induced changes im with changes ina due to T Lol Srgle, w ‘;’I‘:glee"c‘::sﬂt:‘:m_
oxygen vacancies in chains, data are also shown for oxygen- °© . " 8%,

deficient single crystals and laser-ablated thin fitf"€Here 5 ‘. R R T

ap was taken as the resistivity slope in the optimally doped ™~ T *. T . $8gg 3 T
samples. The data for Zn-doped single crysfatse shown g Te, . °o “ :

to represent the effect of in-plane defects on Cu sublattice 10 T e, S
(again,a was taken as the slope in the undoped matetial e freee.
oxygen-deficient samples, tie-vs-« dependence is similar 05 A . L R il

to the T.-vsx dependence and displays two plateaus, at 90 50 100 150 200 250 300
and 60 K. This is not the case in irradiated samples. Here T (K

can be suppressed consideraiiown to aboutT.y/2) at
only slightly increaseda, similarly to what occurs at Zn

doping. If we put the maximal irradiation-induced increase in

a into a correspondence with the changedrobserved at

FIG. 3. Hall coefficient of YBaCuOgy (X~0.9) thin-film
samples[same as in Fig. (®)] after 80-keV electron irradiation;
data for nonirradiated single crystals witk-0.9 (curve 1, x=0.85
(curve 2, andx=0.78 (curve 3 were taken from Ref. 17.
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relation (such asRye1/n in semiconductodsbetween the — ————————————
Hall coefficient and carrier concentration in HTS's because 3501 o 120kev
the former is strongly temperature dependent and the cause °  40keV
of this temperature dependence is not completely under- °°_' ° Etokev
stood. However, qualitative information can be obtained _. ,5 |
comparing the data on irradiated samples with that on %
oxygen-deficient ones for which the correlation of the Hall £ 200F
coefficient and itsT dependence with oxygen content and & 150 |
carrier concentration have been studiéd®?°21t is seen @

that at small doses there is about 25% initial increase in the %
Hall coefficient of irradiated samples, which correlates with
the increase i occurring in the same dose range. A further
50-time increase in the irradiation dose results in about the o b= , ,
same or even smaller changes. The temperature dependence  © 20 40 60 8 100 120 140 180
of Ry in irradiated samples remains nearly unchanged. A Irradiation time, ¢ (min.)
comparable increase in the Hall coefficient is also observed . , Change in the room-temperature resistance fum-

in Zn-doped YBCO single Crysta@. We would like to long and 3um-wide thin YBCO film microbridges during electron

note that the increase Ry not necessarily signifies the de- jragiation. Beam current is approximately the same at different
crease in carrier concentration, but can result from an intefanergies. Solid lines are fits to the athermal model, @iEq.

play of inelastic and elastic scattering. It was argued that geh).
better representation of the carrier concentrations is provided

100 | A

E@n © 0 0 0 0 O 0 0 O

50

by the slope of co®,, (inverse Hall mobility vs T2, where wz? [ e \?[ E, E
0, is the Hall anglé®?! A detailed analysis of the Hall 0e=—72|=—=| | =5—1-8%In =5
) N . . B2 y* \mc?) \ E§ ES
angle in the irradiated samples requires more space and will
be presented elsewhere. Note only that its slope indeed re- E,| 2 E
mains practically unchanged after irradiation in agreement +mapy 2 9 =1|—=In =N 2

with observations by Legri®t al. and data on Zn-doped

YBCO. For the purposes of this paper, it is sufficient that allwhereB:V/C (V is the Speed of electrons:is the Speed of
the Ry (T) curves for the irradiated samplésith T, ranging light), 1/y=1—% and a=Z/137 (Z=8 for oxygen. The
from 91 down to 50 K lie around theRy-vs-T curve for  number of displacements per oxygen atd®PA) is given by
x=0.85 nonirradiated single crystaf$,~91 K). The Hall Ny=o,®. So, at low doses[, andp, should be linear func-
coefficient of the sample receiving the highest dose used itions of ®. Correspondingly, the dependence aT./d®
this study (T.~50 K) is certainly smaller(at all tempera- and/ordpy,/d® on incident electron energy should be deter-
tures than that of the nonirradiated single crystal with mined byoy(E). However, first, the criterion of a small dose
x=0.78 (T,~84 K). This suggests that the decrease in carhas yet to be established. And, second, this simple consider-
rier concentration, if any, due to the integral effect of all ation can in reality be complicated by recombination and
oxygen displacements on different sublattices is not the caseggregation of defects as well as by their migration to the
of the observed, suppression in irradiated samples. “sinks” (dislocations, grain boundaries, etcall of which

All the observations above, though indirect, unambigu-féduce the concentration of remaining point defects.
ously show that the prime cause of both irradiation-induced " order to establish the kinetics of the accumulation of

T, suppression and residual resistivity is oxygen defects of€f€CtS, we performeth situ resistance measurements dur-

CuG, planes. This enables the determination of the displaced ellectron irradiation. Typica! results are shown in Fig. 4.
he important features found in these measurements are as

ment energy for in-plane oxygen by studying the changes i ollows. First, the accumulation kinetics is highly nonlinear

T, at different energies of incident electrons. even at nominally smallNy<1) doses as if the defect pro-
duction has a strong tendency to saturation. The implied
saturation level depends not only on the incident electron
energy, but also on the beam current. Second, the irradiation
In a dilute (small concentration of defegtdimit, one  effect on resistivity decreases strongly with decreasing en-
would expect the changes i, to be proportional to the ergy, indicating an approach to the threshold. However, elec-
concentration of in-plane defects. Substitution studies trons with energy as low as 20 keV are still capable of pro-
well as irradiation experiments sho@ that the changes in  ducing noticeable changes in the room-temperature
T, are indeed proportional to the concentration of in-planeresistivity of YBCO.
defects. WherE,, does not excee&, by much, as in our Figure 5 shows th& .-vs-® dependence aE=80 keV
case, the energy of the primary knocked-on atom is not sufand clearly demonstrates nonlinear behavior which re-
ficient to cause secondary displacements. Then, making gembles a tendency to saturation at high fluences. Analysis
standard assumption that the probability of defect formatiorof the data in Figs. 4 and 5 shows that the observed kinetics
is one atE=EJ and zero aE<EJ, o4 can be obtained by cannot be explained by a first-order back reaction with time
integrating the Mott-Rutherford differential cross sectionconstantr (diffusion-controlled recombination of defegts
from Eg) to E,,. This gives(see, e.g., Ref. 10 Also, a detailed study of the kinetics of recovery after irra-

B. Kinetics of defect production
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00 - whereN, is the number of vacancies per unit cdll, is the

| 50 nm YBa,CugOy o thin films ] number of oxygen at_oms in the unit cell which can be dis-
o . i placed,V g is the unit cell volume, and,=V,/Vy. In a

: © 80keVelectron | low-dose limit
20 4 o irradiation 4

— athermal model UrNOO'd b< 1’ (5)
] Eqg. (4) reduces to the standard expressin=Ngoy®P.
. Hereafter we usé&y=4 since only displacements of plane
oxygen are of interest.
1 We assume that the main contribution to the changes in
I resistivity andT. of irradiated samples is due to in-plane
oxygen vacancies since they definitely lie on conducting
planes. The oxygen atoms are displaced into interstitial po-
sitions which are probably far from the planes and thus have
@ (10%' efcm?) less influence. Also, at room temperature the interstitials are
mobile, can aggregate, and diffuse to sinks, and so the con-
FIG. 5. Critical temperature of the irradiated samplesdpoint  centration of interstitials after room-temperature irradiation
of resistive transitionvs irradiation fluence of 80-keV electron ir- should be smaller than the concentration of vacancies. There-
radiation. Error bars denote the width of superconducting transifore' in the following analysis we completely disregard the
tions (90%-10% levelin cases where this width exceeds the size ,,qgjhle contribution of interstitials. We would also like to
of the data points. The s.olid. Iine is the best fit to the athermalemphasize that the processes of radiation defect formation
model, Eq.(4)+ Eq. (63, with fitting parametersT=28030 K 504 recombination is complex. As a result, even in simple
per defect cell’, v, =21=2. monoatomic solids the experimental determination, or calcu-
lation from first principles, of the exact defect concentration
diation shows that it is neither a first- nor second-order backs extremely difficult(for a discussion see Refs. 9,)28nd
reaction. We have found a stretched exponential relaxatioften can only be done by comparing relative numbers as
kinetics exp(-t/7)” with B~0.43, which holds from the well as results of calculations and experiments on defect-
very early stages of the recovery proc&ss. induced changes in different physical properties. Therefore,
The mentioned features of the defect accumulation areh this and the following sections we will use the simplest
similar to those found in irradiation experiments with simple model which we believe, nevertheless, catches the essential
metal$® and complex solid$} and studied in detail, e.g., for physics and provides accurate estimates of induced defect
alkali halides® Pooley (see references in Ref. Rroposed  concentrations in such complex solids as HTS's.
that the prime cause of the nonlinear accumulation kinetics is |n order to compare the data in Figs. 4 and 5 with the
the athermal interstitial-vacancy recombination. The idea igrediction of the athermal model, we use the linear relations

that if an interstitial and vacancy are formed within somewhich should be valid at a low concentration of defects,
critical distance, they will spontaneously recombine and this

T, (K)

process does not require any activation energy. The recom- T(P)=T(0)— TN, , (6a)
bination is thus not governed by random diffusion and can-
not be regarded as a back reaction in the normally accepted p(®)=p(0)+ 6pN,, (6b)

sense. The critical distance can be represented by assumin
recombination(“trapping” ) volumeV, around a defect. If a
newly formed interstitial falls within such a volume belong-
ing to an existing vacancy, the two will recombine and no
new vacancy will result from the displacement event. At
room temperature, the interstitials diffuse rapidly to sinks
and, therefore, can be ignored in the subsequent damage p
cess, provided they are not initially formed within the trap-
ping volume. Using these assumptions, Hughes and Pdoley
solved the athermal model exactly and found the following
time dependence of the vacancy concentration:

%ith N, given by(4) and®«t. Here §T. and p are param-
eters characterizing the single-defect contribution. The fits to
Eqgs.(6) are shown as solid lines. The fitting by the athermal
model was found to be unique in the sense that from a num-
ber of other possible dependences considésedh as first-
raljd second-order back reactions, stretched exponentia)s, etc.
Reither fits the data as well as E®) with only two fitting
parametersv, and eithersT. or dp).

We have foundEdO for plane oxygen to be 8.4 eldetails
of the evaluation are given belgwAt E=80 keV, g is then
6.09x10 % cn?, and the best fit to the data in Fig. 5 gives
v,=21*2, which corresponds to the trapping volume con-
n,=(ANp)In(V,Ft+1), (3  taining about 150 oxygen sites and critical distaneg unit
cell lengths: very reasonable figures. For a comparison, the
recombination volume usually containsl00 sites in simple

whereF is the basic rate of defect production per unit vol- metal€25 and about 3000 halogen sites in alkali halid®s.

ume. SinceF =NgNgy/Ve andn, =N, /V ., EQ. (3) trans-
forms into
C. Displacement energy for oxygen on planes

1 Now we turn to the evaluation of displacement energy for
N, =— In(v,Noog®+1), (4  Oxygen on Cu@planes. A straightforward way of doing this
" vy is to use slopesiT,/d® and/ordpy/dd measured in the
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FIG. 6. T-vs-irradiation fluence at different energies of incident ~ FIG. 7. Slopes 4 T.//A®) of Tc-vs- dependences shown in
electrons. Dashed lines are fits tabalinear dependence. Fig. 6 (left axig) and the slopegApy/AdP) of py-vs-P dependences
(right axig as a function of incident electron energy. The solid line
low-dose limit (5) [where they reduce to &,(E) ST, and is the best fit to the energy dependence of the Mott-Rutherford
404(E) 8po, respectively and fit them to the energy depen- displacement cross sectigiq. (2)], giving Eq(plang=8.4:0.4
dence ofoy according to Eq(2).% This requires measure- ev.
ments atd<10?%/cn?. However, at such low doses addi-

tional complications arise. We found that at a displacemenfow value ofEJ is not specific to thin films. Independently of

of only chain oxygerT, increasesby 2—-3 K (from 91 to  the thickness and fabrication method, the results were found
93.5 K).*’ This increase resembles the increaseTinof o be consistent with the above value, which we believe,
single crystals and epitaxial films at oxygen depletion, sometherefore, is appropriate also for bulk samples. Moreover,
times observed within the 90-K plateau regidii®* By  since CuQ planes in cuprate HTS's are all alike, we suggest
contrast, in-plane oxygen displacements only suppiiess that a plane oxygen displacement energy of 8.4 eV is also

Since both types of displacements are produced simultagppropriate for other HTS materials. Preliminary results on
neously_, a superposition of these two dependence_s resul_ts ldw-energy electron irradiation of La,Sr,CuQ, thin films
depending onE, either a plateau or small maximum in confirm this suggestiotf.

T-vs-® dependence at low doses. Therefore, the measure- |t js interesting to note that the low displacement energy

ments of T suppression have to be performed outside thisf oxygen in YBCO follows also from molecular-dynamics

region and, as a consequence, at higher doses than thogenulation of radiation damag:=>2For instance, Cugt al 2

required by the conditiox5). . . found thatEJ can be less than 9 eV for displacement of
Tc-vs-® dependences beyond the described region alf-plane oxygen @) or O(3) into an interstitial site in the

shown in Fig. 6. The_existe_znce of the threshold _incident €Ntniddle of two plane C(2) sites and about 4 eV for displace-
ergy for T, suppression slightly below 60 keV is obvious yent of apical, @), oxygen to the () site on thea axis.
from the data. In the small range &f shown (®<6x10?°

elcn?), we can approximat@&, vs ® by a linear dependence,
keeping in mind that its slopeA(T/A®) is somewhat D. Displacement energy for oxygen in chains

smaller than in the true low-dose limit. The same procedure | ¢t s now set the incident energy below the threshold for
was applied topg-vs< dependences at different energies. 5ane oxygen displacements and look at irradiation-induced
We fitted both slqpesoto the dependence of displacement ¢hanges in transport properties which can be associated with
cross sectior2) with Eg' being the only fitting parameter, as the formation of chain oxygen defects. The most noticeable
shown in Fig. 7. The best fit to the data givE§=8.4  feature of the resistivity data is the increaseaimith irra-
*0.4 eV, corresponding t&.~58 keV. diation dose at unchange@r slightly increasing T., as

The evaluatedE] is considerably lower than the widely shown in Fig. 8. It resembles an increasevithat occurs in
used estimaté~20 eV) and lower than the value found by oxygen-deficient samples in the region of the 90-K plateau
Legris et al® We would like to stress here that thermal re- (see Fig. 2 We suggest that this increase in irradiated
combination(annealing of defects(irradiations were done at samples is primarily caused by chain disorder. Indeed, as
room temperatujecannot result in an apparent reduction of known from the studies of detwinned single crystdl& the
the E., quite the opposite. The stability of Frenkel defectsresistivity slope in theb direction, «,, is a factor of 2
depends on the vacancy-interstitial separation, which insmaller than the slope in the directions,a,, in fully oxy-
creases with increasing energy trandfgr. Therefore, faster genated samples due to the existence of an ordered CuO
annealing of defects produced at lowerwould mimic a chain along theb axis and associated with it a band of
shift of E, toward higher energies. So the acti] may  carriers™ Whenx decreasesy,, increases, approaching,
only be slightly lower than we evaluated. since oxygen removal decreases the effective length of

Experiments with thicker filmgup to 200 nm prepared chains. Similarly, if chains are being disordered at constant
by the Bak method and by laser ablation verified that the oxygen content, we expect an increasedp and, corre-
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FIG. 10. Hall coefficient of the same sample as in Fig. 9.

duce in-plane defects, and only chain defects were appar-
ently produced. As can be seen from these curves, there is a
noticeable decrease ifi; and an increase in the resistivity

slope, suggesting a decrease in carrier concentration. The

spondingly, inab-averaged slope in twinned samples. ChainHall .coeﬁicient data presented in Fig. 10 support this sug-
disordering slightly decreases the carrier concentration angestion.

does not affecfT, if x is close to 1 as follows from the
experiments with quenched oxygen-deficient samplésall
measurements do show an increas®in(decrease im?) in
the irradiated samples in the same regiorbofvhere « in-

creasegFig. 9).

The effect of chain disorder of, is known to become
more pronounced whexnis far from the optimal doping, due
to both a steeper dependencelgfon n andn on the degree
of ordering® Indeed, atx=0.5, a complete chain disorder
should result in a semiconducting phaSevhile the forma-
tion of an ordered 1 superstructurdortho-1l phas&) is

While the influence of chain disordering @n in oxygen-
deficient samples is noticeable, it is still small in comparison
with the influence of in-plane oxygen defects. For example,
about the same dose of 80-keV irradiation, capable of creat-
ing in-plane defects, completely destroys superconductivity
as shown in Fig. 9; the conduction at low temperatures be-
comes a 2D variable-range hoppifg~exp(To/T)Y3]. It is
worth noticing that, despite the obvious effects of localiza-
tion at low temperatureswhich imply that the mean free
path is extremely shortthe temperature dependence of the
resistivity at high temperatureurve 3 has exactly the

known to lead to a 60-K superconducting phase. To illustratéame form as in a low-residual-resistivity cdsarve 2. The
the stronger influence of low-energy electron irradiation oncurves can be obtained from each other by a parallel shift

T. in oxygen-deficient samples, Fig. 9 shows the&s-T

along thep axis, corresponding to the suggested increase in

curves of the oxygen-deficient sample before and after 40the residual resistivityMatthiessen’s rule Also, the magni-
keV electron irradiation. This energy is not sufficient to pro-tude of the resistivitycurve 3 at all temperatures exceeds

6 T T T T T T T T T T T T

YBa,Cu;0; 4

1 nonirradiated
51 2 1.8x10?' elom?, E=40 keV
3 2.3x10%" efem?, E=80 keV

0+—4

T T T T T T T T T T
0 50 100 150 200 250 300
T (K)

FIG. 9. In-plane resistivity of oxygen-deficient YB2L;0g ., 4

350

the maximum metallic resistivity in two-dimensional sys-
tems(see below. These two facts do not fit into the frame-
work of the conventional description of carrier transport in
terms of the mean free path and propagating
quasiparticles®38

At 20-keV irradiation (the lowest energy in the micro-
scopeg, the observed changes are not much different from
those found at 40 keV. So either 20 keV is still far from the
threshold for chain oxygen displacements or the threshold
does not exist. Taking 20 keV as the upper limitBn, we
estimate the upper limit or’Efj)(chains) as 28 eV. In a
molecular-dynamics simulation of oxygen displacements
from O(1) to O(5) sites, Cuiet al*? found ES to be as low as
1.5 eV, which is close to the oxygen diffusion activation
energy of 1.3 eV. Another possibility is that the mechanism
of chain disordering differs from knock-on. For instance, it
can involve inelastic processémnization similar to the
mechanism of formation df centers in alkali halides. Also,
the energy barrier between the chain site and interstitial po-

(x~0.6) sample No. TY38 after irradiation with 40-keV and then sition on thea axis is low, and chain disordering can be

80-keV electrons.

induced by nonequilibrium phonons which are the final prod-
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TABLE I. Initial rates of T, suppression and residual resistivity increase by different in-plane defects in

YBa,CuOg o
Type of 6T, 8po
defects (K per defect cell?) (mQ cm per defect cell?) Comments
In-plane O 280 1.50 this worlE=60-120 keV
defects 274 E=100 keV, thin filnf
(vacancies 490 1.59 E=2350 keV, single crystal
Zn impurities 391 0.69 single crystéls

410 0.55 single crystdls

404 ceramics
Ni impurities 190 3.3 thin films

140 3.61 thin film8

60 ceramic%
135 0.56 single crystdls

8Reference 6.

bReference 7.

‘Reference 19.
dreference 22.
®Reference 54.
fReference 43.
9Reference 44.
PReference 55.

uct of energy release after any collision event. A low-energyacancies in hormal metals such as Cu increase the resistiv-
tail in radiation damage rather than the threshold should bay by ~1.5 u{) cm/at. %, which is some 50 times smaller
expected in these cases. than in YBCO.
Now we turn to the simplest model estimates with the
obtained parameters. Since the carrier transport in YBCO is
IV. DISCUSSION mainly of 2D character and there are two conducting planes
in the unit cell, the resistivity in the Drude model can be
expressed ap,= (h/e’kglo)(c/2), whereh is the Planck’s
Using the evaluated value &S, we can estimate the constantg is thec-direction lattice constank is the Fermi
concentration of irradiation-induced defects and characterizevave vector, andy, is the mean free path. According to the
quantitatively their effect oT, and py. As above, we as- loffe-Regel criterion of metallic conduction, the shortest
sume that the main contribution 1 suppression and carrier mean free path correspondskgl,~1; i.e., for YBCO the
scattering comes from the in-plane O vacancies. Their nummaximum metallic resistivity iga=hc/2e?~1.5 m cm.
ber per unit cell is given by Ed3) with No=4 andoy from  From the data in Table |, we see thaj in the irradiated
Eq. (2) at EJ=8.4 eV. The values 0BT, and dp, which  samples would reach,,, at N,~1 cell, implying that
characterize, respectivelyT. suppression and scattering kglp=1 at this defect concentration. Af,=1 the mean
strength of one defect in the low-concentration limit aredistance between the defects in one plang, iwhich in turn
given in Table |. The same set of parameters was used tinplies thatkp~1/a (herea is the in-plane lattice constant,
extract these quantities from the data in Refs. 6 and 7. Thand we do not make a distinction betwesandb since the
ST shown agree quite well with the value extracted from theorthorhombicity of YBCO is small Band calculations, re-
data by Legriset al® taken at low incident electron energy. cent measurements of the Fermi surface, and various model
The higher-energy data in Refs. 6 and 7 imply somewhatalculations all suggest th&: in CuGO, planes is about
bigger 6T, , which is probably due to the contribution of Cu 2.7/a.3*3°%°Taking this value, the estimate &f at N,~1
displacements and secondary defect formation by primargell™ (py~pma) Shows that the mean free path should be
knocked-on atoms. We have not tried to account for theselose to the length of the Cu-O bond, a reasonable figure. It
processes, and so th#l. value inferred from the data of will be shown below that superconductivity in optimally
Giapintzakiset al.” should be regarded as an upper limit ondoped YBCO is completely suppressed\gt=0.2 cell . At
the actualsT,. For a comparison, the corresponding valuesthis concentratiorkgl,~5 andl, is about 7 A; i.e., super-
for Cu substitutions on Ni and Zn are also given. It wasconductivity in YBCO is destroyed when the impurity mean
assumed that both atoms substitute only for plane Cu. As caftee path becomes shorter than the coherence length in
be seen, the in-plane oxygen vacancies have an influence defect-free material.
T. comparable with Zn impurities. It is interesting to note  The defect-induced resistivitpy can also be estimated
that there appears to be an anticorrelatiod®df and dp, for ~ using the expression for the transport impurity scattering
in-plane defects; i.e., the strongdstsuppresseréZn impu-  cross section in 2D systerfts,o = (4/kg)2 sir?(6,— 6,4 1),
rities) have the smallest effect giy. Also, for comparison, which gives

A. Carrier scattering
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Pa= (2pmadd /k}%az); Sinz( 0= 9d+1), (7 s00d © 80keV imad.

athermal model

where we made use of the nearly square shape of the Fermi
surface. Hered, are the phase shifts of partial waves and 300 - ° A
is the number of defects per unit cell. Phase shifts must sat-

isfy a 2D analog of the Friedel sum rutewhich, for two <
plane bands, can be expressed as g 2001 1
[on

(4m 2 5=Q. ®) 100 .
The effective charge of a defed, is determined by the Y S ' _ '
valence deference of the host atom and defgdt, as well as 0 2 4 6 8 10 12
by a change in the local ionic charge density resulting from o (10%" efem?)
the distortion of the unit cell occupied by the defe@, .*
Since Zrt* ions substitute for Gl ions,Q, is formally zero FIG. 11. py/a for x~0.9 YBCO samples vs irradiation fluence

for Zn impurities;Q, we estimated as-0.15. However, the of 80-keV electron irradiation. The solid line is the best fit to the
replacement of Cu by Zn reduces the number dft®les in ~ athermal mode[Eq. (9)] at v,=21 and o7 '=3.7x10" s™* per
plane bands by 1. Therefore, it seems reasonable@qat ©xygen defect in the unit cell.
should be taken a$ 1, and consequentlQ,, becomes 0.85.
It is also likely thats- and p-wave shifts would dominate at the plasma frequency in YB&UOg o 1 wp=1.1 €V, for the
scattering off Zn impurities. Indeed, in thewave unitary ~Scattering rate off in-plane oxygen vacancies, we obtain
limit, we obtain from Eq.(7) that Apy=pg/ng is 0.41 5771=3.751><1O1 s~ per defect in the unit cell, where
mQ cm per defect, which is in fair agreement with the con- 67 = Timp/N, -
tribution of Zn impurities(see Table )L For the in-plane ~ We would like to note here that, is not always a good
oxygen vacanciesQ, is about+2, and we expect thap- measure of impurity scattering in HTS samples, especially if
and d-wave shifts should dominate. The Ni impurity in- it iS necessary to compare samples of different quality, be-
creases the number dfholes by 1, andQy; should probably ~cause the value gf; can be affected by the microstructure of
be taken as close te-1. The effect of Ni impurities opp, ~ the samplesgrain boundaries, twins, ejc.Also, even at
should be regarded as enormously strong, if the resistivitynodest concentrations, point defects can aggregate, forming
data we useti** were not affected by a change in the mi- Poorly conducting regions, and so the actual length of the
crostructure of Ni-doped films with respect to undoped ones¢urrent path can be greater than that suggested by sample
Indeed, even if we take all the p, d, andf shifts such asto geometry. Analyzing a great deal of our own and published
maximize the sum in Eq(7), i.e., sif(8—&,,,)=1 for da'ga, we hqve_ fpund 'ghat the quantify« (« is taken in the
| <3, the calculatedp, is still a factor of 2 smaller than the T-linear resistivity regionprovides a better representation of
Ni contribution suggested by thin-film dat&** Note, how- the actual impurity scattering. Indeed, the effect of macro-
ever, that optical measurements on the same films sugge&gopic inhomogeneities and uncertainty in the dimensions of
considerably smallep, than do the resistivity datd,which ~ samples on the length of the current path equally affects both
would be a plausible resolution. Recent data on Ni-doped @ndpo and, therefore, cancels mi/a. While p, depends on
single crystal® also show much lower resistivities ardip, the parrier concentration, which can be different even in
which are close to those in Zn-doped crystals. nominally identical samples, e.g., due to variations in oxygen
The transport scattering cross section of in-plane oxygefontent, this dependence also cancelggfa. So py/a better
vacancies can be represented by a disk, diamgteand can  represents scattering off point defects thanalone. In the
be estimated from Eq7), which is equivalent to the expres- Drude model, the relation with impurity scattering rate is
sion py= (f.¢/2€?) (ny/n) (Keoy,). If we take the hole concen- Po/@= Timp/ 27y ; Ay is more or less well known for oxygen-
tration n=0.34 cell'X, which follows from bond valence ated YBCO and according to various estimates is about
sums and charge transfer models, it resultkio,=2.13 0-3-.5 o ]
and, if the band value df- is used, a scattering diameter of ~ Figure 11 showgy/« for the irradiated films as a function
3 A. From theT, suppression rate shown in Table I, the of irradiation dose. In the athermal model, we obtain
critical concentration of vacancies which brings down to
zero is about 0.3 celf. More detailed consideration based
on pair-breaking theorgsee belowsuggests the critical con-
centration to be 0.2 celf. Since the O-O distance in planes
is a/v2, the mean separation of vacancies in one plane at thig/sing the same parameter valugg=6.09x 10~ 2* cn#* and
defect concentration is abb@ A and is considerably larger v,=21 as beforésee the fit in Fig. band taking\,=0.3, the
thana,,, which to some extent justifies our treatment of scat-fit to the data in Fig. 11 givedr *=3.7x10" s Y/defect, in
tering centers and scattering events as completely indepegood agreement with the value evaluated frpp Using
dent. po/« inferred from the resistivity curves for Zn-doped single
The transport impurity scattering rate in the Drude modelcrystals in Ref. 19, we obtainedr;+=3.1x10" s™* per Zn
IS 1zimp=pow %/477. Using the generally accepted value of atom, a value close to the scattering rate off oxygen vacan-

T*l

pola= In(4oqu, d+1). (9

27T)\trvr
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Concentration of defects, N, (cell"!) independent ofor only weakly depends orcarrier concen-

0000 0035 0067 0100 0436 o467 0200 023 tration as follows _from our data on irradiated oxygen-
10 on 2099 BPT 9 o B o 02 deficient samplesFig. 12. In our work® we have shown
in-plane O defects, x=0.9 ] that this universal behavior can be explained in the frame-
in-plane O defects, x=0.7 1 work of standard pair-breaking theofsee also Refs. 23, 47,
e e om0 and 48. Two cases have been considered. These are pair

breaking due to potential impurity scattering in anisotropic
(e.g., d-wave superconductors and spin-flip scattering off
] magnetic impurities in isotropic superconductors. There have
7 been many arguments and some evidence in support of the
§ nonmagnetic nature of in-plane oxygen vacancies. Therefore,
] we consider in brief only the former case. The well-known
expression for th& in anisotropic superconductors in the
presence of impurity scattering#s°!

100 4 «
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0 l 50 l 1010 l 15:0 ' 20]0 25;0 l 3(;0 I 35|0 |n h:)([‘ﬂ 1_’_ ;)_w(l } (10)
poler (K) T. 2 4mTer, 2
where T, is the critical temperature of pair-breaking-free
material, ¢ is the digamma functiony is the anisotropy pa-
rameter, andr, is the pair-breaking scattering time. In the

FIG. 12. Critical temperature of YB&u;Og,, Samples with
in-plane oxygen defecte&vacanciesinduced by 60—120 keV elec-

tron irradiation vspg/a=1/2m\7imp- The upper scale shows the i . . IV identified with the i
evaluated concentration of in-plane oxygen vacancies and is applf:-as’e old-wave pairing,r, IS usually identned wi e1m-

cable to the irradiated samples, dashed and dash-dotted curves. ARYMLY scattering timer (the symbolr,, was reserved for the

the data are shown for Zn-doped single crystais extracted from ~ ransport scattering timeThe former can be expressedas

Ref. 19 and for 350-keV electron-irradiated detwinned single crys-

tal (@) from Ref. 7. The dotted curve is the prediction iy Sup- ’ h/T:4nd22/N(0)(1+22)’ (11

pression in YBaCu;Og ¢ Of pair-breaking theory fod-wave pair-  wherez=wN(0)V, N(0) is the density of states, and is

ing: Eq. (10 atfiwp,=1.1 eV (\;=0.3) and 7,= 7. Solid lines  the scattering potential. At a small concentration of defects,

are the best fits to pair-breaking theory fdswave pairing and  Eq. (10) reduces to

\=0.3, giving 7, =0.29r;1. The suggested is 98 and 67 K

for x=0.9 and 0.7, respectively. Dashed and dash-dotted curves AT =T~ T.=xh/16kgT. (12

show the defect-induced, suppression at different strengths of

potential impurity scattering according to a strong-coupling calcu- It was argued earlié® that the data on irradiation-

lation by Monthoux and PinegRef. 2 for spin-fluctuation- inducedT. suppression suggest thatn HTS's is close to 1.

mediated superconductivity; dashed curVg;=90 K, V=2.5eV;  From the data in Fig. 12, the lower limit gp can be esti-

dash-dotted curvel.,=100 K,V=0.5 eV. mated as 0.8% Therefore, for definiteness, we consider
d-wave pairing and se¢=1. From 8T given in Table | and

cies, but a factor of 2 higher than the value given in Ref. 19EQs. (11) and (12), we estimate the scattering potential of

and which follows from thaSp, in Table I. oxygen vacancies d$(0)V,=0.11. If we take the density of

states associated with two Cy(planes from the band

calculationd® as 1.1 states eV per spin cell, therV re-

quired to fit the data to pair-breaking theory is 0.10 eV cell

As follows from Sec. I, the determination of the exact (see also Refs. 23 and ¥7This seems to be too small a
concentration of radiation defects is extremely complex. Fofigure because in normal metals the scattering potentials of
substitutions it is also not trivial because substitution probimpurities are usually about the Fermi enefgy or band-
abilities on different sublattices in HTS's are not exactly width, andEg in YBCO is ~0.3 eV. It also appears to be too
known. Therefore, in this section we will use the quantitysmall to account for the strong effect of oxygen defects on
pd/a in order to characterize thimtegral effect of all the the resistivity. Indeed, neglecting a subtle difference between
defectsinduced by irradiation or substitution and retained intransport and scattering lifetime, usifbl), and the scatter-
the samples up to the momentf measurements, including ing rate per oxygen defect estimated above, we estimate
also possible effect of induced lattice strains, etc. N(0)Vg as 0.27 and, correspondingly, as 0.25 eV cell,

In Fig. 12 we plottedT, as a function ofpy/« (i.e., ri;qlp) which is closer to the generally assumed Fermi energy. Un-
for all the samples studied. The upper scale shows our beftrtunately, we do not have any possibility of direct mea-
estimate of the concentration of in-plane oxygen defectssurement or evaluation &f from independent experiments.
Also shown are the data for Zn-doped samplesd an ir- In order to compare defect-inducdd suppression with
radiated detwinned single crystalf we disregard the pla- pair-breaking theory, Milliset al*° and Radtkeet al®! sug-
teaulike region at smalpy/a, which, as explained above, gested the use in E410) of a transport impurity scattering
arises from superposition of the effects of plane and chaimate which can be inferred from the resistivity using either
defects, it is seen that the rate Bf suppression in the irra- experimentally determined values f, or A, . If we do so,
diated thin films, irradiated single crystal, and in Zn-dopedpair-breaking theory, Eq10), predicts a factor of 3 fastdr,
crystals is almost identical. This suggests a universal mechauppressioridotted curve in Fig. 12than that observetsee
nism of T, suppression by in-plane defects, which is alsoalso Refs. 47 and 48Formal fitting the data to pair-breaking

B. T, suppression
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theory ford-wave superconductors requirgsto be 0.092 or  scattering rate be at least a factor of 3 smaller than the trans-

w,=0.61 eV. In other words, to be consistent with the dataport impurity scattering rate. We have also shown that

the pair-breaking scattering rate in YBCO should besuppression by in-plane oxygen defects is comparable to that

~0.29%7p, independent of the carrier concentratisee Fig. by Zn substitutions for plane Cu. In both cases Thesup-

12, solid curves A possible rationale for this reduction, Pression was found to be in agreement with strong-coupling

such as scattering anisotropy and/or strong-coupling corredumerical calculations by Monthoux and Pines for the effect

tions, was discussed elsewhéfé. of potential impurity scattering ol in the framework of
The fitting to pair-breaking theory also suggests that théhe néarly antiferromagnetic Fermi-liquid model of HTS's.

critical temperature in an ideal YBCO sample with the opti-, !N irradiations with electron energy below the threshold

mal oxygen contenf ., may be as high as 98 K, which is for displacement of plane oxygen, we have observed an in-

abou 5 K higher than the critical temperature reported forcrease ir] theT-Iinear resistivity slope and Hall _coefficient,
the best single crystals. It is interesting to note that this dif-and ascribed it to the effect of chain oxygen displacements.

The upper limit on the displacement energy for chain oxygen
f_efer!ce cor responds almost exactly to the posdipleeduc- was estimated as 2.8 eV. It was also found that irradiation in
tion in optimally doped YBCO because of quantum phas

. ) &he 20-40 keV energy range slightly increadesin fully
fluctuations as shown by Emery and Kivelstn. oxygenated samples, but decrea3esin oxygen-deficient

The arguments against treating the scattering infthp-  gamples. More detailed results will be published elsewhere.
proximation were given by Monthoux and _Pn%mh_o Pre-  Also, an interesting phenomenon we have only mentioned in
sented numerical calculations ®f suppression which take thjg paper is a stretched exponential relaxatiaging of
into account the specific nature of the quasiparticle spectrungradiation-induced changes i, and resistivity, which
and spin fluctuations in HTS’s. Their results for isotropic closely resembles magnetic and dielectric relaxation in
potential impurity scattering of different strengths and valuegjlasses. This subject deserves, however, a separate
of T, are shown in Fig. 12. It is seen that the data can beublication®*
described in the MP model quite well. It is worth mentioning  In conclusion, we would like to list some of the phenom-
thatT, suppression by Zn impurities can also be described agna in HTS’s in which oxygen in-plane defects may play an
due to potential scattering, and there may be no need for thigportant role due to their strong influence ®gp. For ex-
additional mechanism suggested by MP, which involves supample, a well-knowrl, suppression near the grain bound-
pression of spin fluctuations around Zn atoms. aries as well as the dependence of Josephson properties of

grain boundary junctions on misorientation angle could to a

large extent be explained by the presence of oxygen vacan-
V. SUMMARY cies and/or oxygen atoms with broken bonds or locally dis-

torted coordination. The influence of such defects should be

To summarize, we have studied the effects of electromuch stronger than that of possible nonuniform distribution
irradiation with energy from 20 to 120 keV on the resistivity, and/or reduction of oxygen content in chains, which is usu-
Hall coefficient, and superconducting critical temperature ofally invoked in discussions of transport across grain bound-
YBa,Cu;0g.,  (x=0.9 and 0.7 thin films. By analyzing the aries in HTS's. Also, since vacancies are defects in thermal
changes in properties at different energies of incident elecequilibrium and at high temperatures their concentration in
trons, we have found the threshold energy for displacemermlanes can reach several percent, it would be interesting to
of oxygen on Cu@ planes and evaluated the displacementclarify whether they contribute toT. suppression in
energy for plane oxygen as 8.4 eV. We have also studied th@uenched samples. Undoubtedly, the effects of in-plane oxy-
kinetics of accumulation of oxygen defects at electron irra-gen defects studied in this work govern the Josephson prop-
diation and found that this kinetics is governed by athermafrties of weak links and flux-flow devices created in HTS
recombination of vacancy-interstitial pairs. Usifig-vs<®  thin films by focused electron-beam W”ti&hjﬁ_f'_ as well as
andp-vs-® dependences at energies above the threshold aky focusc_—:'d ion irradiation. And finally, realizing the impor-
evaluated displacement energy and cross section, we estince of in-plane oxygen defepts, one can even make a sug-
mated the volume of instabilitfrecombination volumeof gestion that these defects might be forming as a result of

vacancy-interstitial pairs as 21 unit cells. Also, assuming tha?ubsmu'{IOn for plane copper and therefore might be partially

only oxygen vacancies on planes are responsible for th([:‘esponsible for th_e changes in properties of samples doped
irradiation-inducedT . suppression and increase in the re-ON the Cu sublattice as well.
sidual resistivity, we have evaluated their effect on resistivity
as 1.5 nf) cm per vacancy in the unit cell and their effect on
T. as —280 K per vacancy in the unit cell. The carrier scat- We are very grateful to B. Nadgorny and S. Shokhor with
tering rate was evaluated &3.5—-3.7x10'* s™! per oxygen whom we discussed this work from its earliest stage and for
defect. their help within situ resistivity measurements. Early discus-
Analyzing the dependence of. on the irradiation- sions with A. Bourdillon are also appreciated. We would like
induced resistivityimpurity scattering ratein a wide range to thank J. Lukens and M. Bhushan for access to microfab-
of oxygen defect concentrations in planes and in samplesdcation facilities, and A. King for access to the electron mi-
with different oxygen contents, we have shown thatsup-  croscope used in this work. Some of the films tested in the
pression is qualitatively consistent with the pair-breakingcourse of this work were fabricated and kindly given to us by
theory ford-wave superconductors. The obtained data hav®. Rudman, R. Ono, Qi Li, and P. Rosenthal. This work was
constrained the minimum value of the order parameter ansupported by Grant No. N000149510762 sponsored by the
isotropy x by 0.8. A guantitative description of the data in U.S. Office of Naval Research, and by BNL Project No.
d-wave pair-breaking theory requires that the pair-breaking/37151.
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