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The effect of electron irradiation with energy from 20 to 120 keV on the resistivity, Hall coefficient, and
superconducting critical temperatureTc of YBa2Cu3O61x thin films has been studied. The threshold energy of
incident electrons forTc suppression has been found, and the displacement energy for oxygen in CuO2 planes
has been evaluated as 8.4 eV for irradiation along thec axis. 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 increase in theT-linear resistivity
slope and Hall coefficient at unchangedTc 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 eV. Inx50.9 samples theTc suppression by in-plane oxygen defects
and increase in residual resistivity have been found to be, respectively,2280 K and 1.5 mV cm per defect in
the unit cell. It is shown thatTc suppression by in-plane oxygen defects is a universal function of the transport
impurity scattering rate and can be described qualitatively by pair-breaking theory ford-wave 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 also made.@S0163-
1829~96!02718-x#

I. INTRODUCTION

An enormous amount of work has been done on the study
of defects and their effect on the transport, magnetic, and
superconducting properties of high-temperature supercon-
ductors~HTS’s!.1 It is believed that these studies may pro-
vide the key to understanding unusual normal-state proper-
ties and offer some insight into the mechanism of high-Tc
superconductivity. In the most thoroughly studied com-
pound, YBa2Cu3O61x ~YBCO!, there can be basically two
types of defects: in conducting CuO2 planes and in a ‘‘carrier
reservoir’’ ~CuO chain1BaO planes!. Defects in the reser-
voir, such as oxygen vacancies and cation substitutions, di-
rectly influence carrier concentration in the planes and thus
affect superconducting and normal properties mainly due to
this influence. Defects in CuO2 planes act mainly as scatter-
ing centers. Since the planes are believed to be responsible
for superconducting pairing, the influence of in-plane defects
on transport properties may provide information on scatter-
ing and pairing mechanisms. For example, defect-inducedTc
suppression can serve as a test for pairing symmetry in
HTS’s because nonmagnetic defects are pair breaking in an-
isotropic pairing superconductors, but have little effect onTc
in isotropic superconductors.

The most thoroughly studied in-plane defects in HTS’s
are defects on Cu sublattice such as Zn and Ni substitutions.1

It is known that nominally nonmagnetic Zn impurities have a
much stronger effect onTc than nominally magnetic Ni, al-

though both have roughly the same effect on resistivity.
Monthoux and Pines2 ~MP! have recently explained this fact
by assuming that Zn impurities suppress spin fluctuations,
which in their model mediate superconducting pairing of
d-wave symmetry.3 The effect of Ni impurities onTc was
shown to be consistent with the pair-breaking effect of
purely potential scatterers.2

Since conducting planes comprise both Cu and O atoms,
another type of defects that can be produced is the defect on
oxygen sublattice such as oxygen vacancy or interstitial. The
influence of these defects on superconducting and normal-
state properties clearly presents a new avenue for study. This
is because, first, current carriers have mainlyp character
~oxygen holes! and move preferably on oxygen
sublattice and, second, both vacancies and interstitials carry
charge in contrast to nominally neutral Zn and Ni impurities.
Although oxygen defects were routinely produced in all the
experiments involving high-energy particle irradiation of
HTS’s,4 it was rather difficult to extract their effect from the
gross influence of various atomic displacements which oc-
curred. It was, however, established thatTc suppression at
particle irradiation is proportional to the total nonionizing
energy loss, i.e., to the concentration of displaced atoms.5

More detailed study clearly requires a selective tool capable
of producing only oxygen defects, e.g., low-energy electron
irradiation.6–8

Electron irradiation has proven to be one of the best ways
of creating uniformly distributed point defects in solids.9,10
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For a solid, say, YBCO, displacements of atomic species on
a sublatticei occur when the incident electron energyE ex-
ceeds a threshold energyE c

i . The threshold is determined
from a condition that the maximum energy transfer at an
elastic electron-atom collision,Em , become greater than the
corresponding displacement energy,Ed

i , where

Em52E~E1mc2!/Mic
2. ~1!

The defects formed due to such a knock-on process are
known to be vacancy-interstitial pairs~Frenkel defects!.
These pairs are stable if the vacancy-interstitial separation
exceeds some critical distance which depends on the material
and type of crystal lattice. IfEd

i is known, the displacement
cross sections d

i can be calculated, providing the basis for
further evaluation of the concentration of defectsnd and
quantitative analysis of defect-induced changes in transport
and superconducting properties. Therefore, the displacement
energy is a parameter of primary importance in many irra-
diation experiments. Although in most of the simple solids
Ed

i lies in the range from 10 to 30 eV, it may vary greatly
depending on the material, type of crystal lattice, and crystal
lattice direction.9 Despite these variations, due to the big
difference in the atomic mass of atoms comprising YBCO,
the lowestEd

i should correspond to the lightest~oxygen!
atoms. So it is easy to arrange a conditionEc

O,E,Ec
Cu en-

suring that only displacements of oxygen will occur. The
latter condition corresponds toE lower than some 300 keV.
However,Ec

O has still to be evaluated, complicated by the
existence of at least two oxygen sublattices, plane and chain.

There have been several attempts to determineEd
O in

HTS’s, particularly in YBCO. Basuet al.11 came up with
Ec5120 keV corresponding toEd

O518 eV by observing a
threshold energy for ane-beam-induced orthorhombic-to-
tetragonal phase transition~see also Ref. 4!. Since this value
is typical for most of the simple oxides, the estimate of
18–20 eV has become widely used.4,5,7 However, it seems
clear that the ortho-tetra transition is governed by the chain
oxygen content and, therefore, could be induced by oxygen
loss under irradiation. If so, theEc observed corresponds
rather to the threshold for knock-on of chain oxygen into a
microscope vacuum, which apparently requires higher en-
ergy than knock-on into an interstitial position. Another ex-
planation is that the ortho-tetra transition under the beam was
induced by a complete disordering of chain oxygen.11 In any
event, the experiment by Basuet al. does not tell us about
oxygen displacements on CuO2 planes, which supposedly~at
low concentration! have no effect on the crystal structure and
are apparently invisible in a transmission electron micro-
scope~TEM!, but would rather dramatically affect carrier
scattering andTc .

On several occasions, we have reported about reproduc-
ible fabrication of Josephson weak links by loweringTc in a
narrow region across YBCO thin-film microbridges by a fo-
cused electron irradiation with energy as low as 60 keV and
also about changes in the resistivityr even at 20-keV
irradiation.12 These results certainly implied that theEd

O for
both plane and, especially, chain oxygen is lower than 10 eV.
Recently, combining low-T electron irradiation within situ
Tc measurements, Legriset al.6 evaluatedEd

O~planes) and
Ed
Cu as 10 and 15 eV, respectively. The former value corre-

sponds toEc580 keV and still seems to be an overestimate
because the experiments by Legriset al.were mostly done at
high incident energies where the results are quite insensitive
to the value ofEd

O. No attempt to determineEd
O~chains)

using methods different from those used in Refs. 4 and 11
~observation of changes in crystal lattice parameters, micro-
structure, and twin structure in TEM! has yet been under-
taken.

Clearly, a straightforward method of evaluatingEd
O would

be direct observation of the threshold in irradiation-induced
changes inTc andr as a function ofE. Since, as we expect,
this threshold lies below 80 keV, such an experiment re-
quires thin films rather than single crystals in order to ensure
uniform distribution of defects. Therefore, in this work we
studied the effects of electron irradiation in the energy range
from 20 to 120 keV on the transport and superconducting
properties of high-quality YBCO thin films. Preliminary re-
sults have been reported in Ref. 8.

The paper is organized as follows. After a discussion of
the experimental procedure~Sec. II!, we give a detailed de-
scription of irradiation-induced changes in the resistivity and
Hall coefficient~Sec. III A!. The kinetics of defect produc-
tion under electron irradiation is presented in Sec. III B.
Then we present the evaluation of displacement energies for
plane and chain oxygen~Secs. III C and III D!. From the
analysis of energy dependence of irradiation-induced change
in Tc and residual resistivity, we show thatEd

O~plane) is
8.460.4 eV for the irradiation along thec axis. Analyzing
the changes in the Hall coefficient andT-linear resistivity
slope at irradiation with energies below the threshold for
plane oxygen displacement, we estimate the upper limit on
Ed
O~chain) as 2.8 eV. In Sec. IV we evaluate scattering and

pair-breaking rates and discuss the pair-breaking mechanism
of irradiation-inducedTc suppression. A comparison of oxy-
gen in-plane defects with in-plane defects on Cu sublattice
such as Zn and Ni substitutions is also given.

II. EXPERIMENT

To ensure uniform distribution of irradiation-induced de-
fects, 50-nm thin films were used. High-qualityc'-oriented
YBa2Cu3O61x films were grown epitaxially on LaAlO3 sub-
strates using the BaF2 process with subsequent full oxygen-
ation (x'0.9). Details of the fabrication method, microstruc-
ture, and properties of the films have been published.13 Using
photolithography and liquid etching, the films were patterned
into 10-mm-wide and 40-mm-long strips with four potential
and two current leads~standard six-probe configuration! for
resistivity and Hall measurements. A set of more than 40
samples has been studied. All of them were characterized by
Tc , r vs T, andRH vs T ~in a 5-T coil! before irradiation.
These measurements have shown that the nonirradiated
samples were nearly identical. Two types of irradiation ex-
periments were performed. In the first type, a sample from
the set was irradiated sequentially and the transport measure-
ments were performed after each irradiation. In the second
type, each sample was irradiated only once and an incremen-
tal irradiation dose was given to different samples of the set.
The results were found to be consistent in both types of
experiments. The irradiations were done at room temperature
in a vacuum of a CM-12 Philips electron microscope, using
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accelerating voltage from 20 to 120 kV. The beam currentI
was in the range from 3 to 50 nA. The substrate with the
patterned film was attached to a brass sample holder using a
silver glue to ensure good thermal contact; the film was
grounded. Heating the samples under the beam was found to
be negligible as verified byin situ resistivity measurements.
In these measurements, theT-dependent resistivity of a
sample~YBCO or Nb film of the same thickness and on the
same substrate! served as a thermometer, thus providing the
best possible estimate of the sample temperature. The elec-
tron beam was scanned with a constant rate over the pattern
to accumulate the desired fluenceF5It /eA, whereA is the
scanned area~typically about 20mm315 mm!, t is the irra-
diation time, ande is electron charge. The beam was perpen-
dicular to the film surface, i.e., along thec axis of YBCO.
The kinetics of accumulation of irradiation-induced defects
was studied usingin situ resistivity measurements during
irradiation. To minimize the possible annealing of defects,
the samples after irradiation were immediately placed into a
variable-temperature He cryostat and the transport measure-
ments were repeated. The recovery ofTc , r, andRH after
irradiation was studied using anneals at 330 K in the He
atmosphere of the cryostat, followed by the transport mea-
surements.

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 substrate,14

we also studied the irradiation response of YBCO films
grown on different substrates such as LaAlO3, SrTiO3,
NdGaO3, and Si buffered by YSZ. Also, films of different
thickness ranging from 25 to 200 nm were used. Another
potential source of error is a charging effect for a film on an
insulating substrate; charging effects have been known to
even produce film breakage in extreme cases, thus possibly
contributing to an increase in resistivity. In order to eliminate
this possibility, YBCO films grown on highly conducting
doped Si substrates were also studied. In all cases the results
obtained were found to be consistent with the set of data
presented below. Also, special attention was paid to mini-
mize surface contamination of the samples. No decomposi-
tion of films because of irradiation or sample degradation
caused by surface contamination or oxygen loss in the mi-
croscope was observed in our irradiation experiments as veri-
fied by means of reversible annealing experiments and trans-
port measurements.

III. RESULTS

A. Transport properties

Irradiation causesTc suppression and the appearance of
the residual resistivityr0, as shown in Fig. 1~a!. The value of
r0 was determined as a zero-temperature intercept of the lin-
ear extrapolation ofT-linear resistivity curves. The increase
in r0 definitely indicates that the irradiation produces oxygen
defects in CuO2 planes. We intentionally present here the
data for 80-keV irradiation at which neither the resistivity
nor Tc would change if the oxygen displacement energy
were 10 eV or higher. Radiation damage is not selective,
however; i.e., with some probability the incident electrons
may also displace oxygen on other sublattices because the

displacement energy for these is likely to be the same or
smaller thanEd

O~plane!. In order to discriminate between the
influence of oxygen defects on different sublattices, one can
make use of the fact that oxygen defects in chains and BaO

FIG. 1. In-plane~ab-averaged! resistivity r of YBa2Cu3O61x

thin-film samples.~a! x'0.9 samples~made from one batch of film!
after different doses of 80-keV electron irradiation; dotted line
shows suggested residual resistivityr0 andT-linear resistivity slope
a; ~b! resistivity curves for the irradiatedx'0.9 sample and for the
nonirradiated oxygen-deficient sample (x'0.6) which has the same
superconducting critical temperature;~c! Hall coefficient of the
same samples as in~b!.
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planes should decrease the carrier concentration in planes,n,
while the main effect of defects in CuO2 planes 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, ther-vs-T curves of the irradiated
sample and nonirradiated oxygen-deficient sample which has
the sameTc . 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 Fig. 1~b!,
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 ofRH and its
temperature dependence in the irradiated fully oxygenated
sample and in the nonirradiated oxygen-deficient sample
~with the sameTc! are totally different.

After annealing in a He atmosphere at slightly elevated
temperatures~300–330 K!, Tc and r of the irradiated
samples recovered completely. This indicates that the overall
oxygen content remained unchanged under irradiation; i.e.,
O atoms are displaced into interstitial positions rather than
into the microscope vacuum.

In order to estimate the gross effect of all types of oxygen
displacements on the carrier concentration, we looked, as a
next step, at the slopea5dr/dT in the T-linear region.
There is a well-established correlation betweena and hole
doping.15 The origin of this correlation can be easily under-
stood in a Drude model. While applicability of the Drude
model and Boltzman transport theory to cuprates is actively
debated~see, e.g., Ref. 16!, we use this model from here on
for the sake of simplicity and qualitative interpretations. So
in the Drude modelr5m* /ne2t tr . The transport scattering
rate in the temperature range of theT-linear resistivity can be
expressed as 1/ttr51/timp12pltrT, whereltr is the transport
coupling constant and 1/timp is the transport impurity scatter-
ing rate. Thusa is proportional toltr/n. Since the carrier-
boson interaction constantltr should only weakly depend on
n due to the two-dimensional~2D! character of the quasipar-
ticle spectrum, a change ina would mainly reflect a change
in the carrier concentration. Single-crystal data17 indeed
show a linear dependence ofa21 on the carrier concentration
or Drude spectral weightv p

2. So, ideally, if n does not
change at all, the slope of resistivity curves before and after
irradiation should be the same. Figure 2 shows the normal-
ized slopea/a0 for the irradiated samples, wherea0 is the
resistivity slope before irradiation~the typical value ofa0 in
the films studied is 0.8mV cm K21!. In order to compare the
irradiation-induced changes ina with changes ina due to
oxygen vacancies in chains, data are also shown for oxygen-
deficient single crystals and laser-ablated thin films.17,18Here
a0 was taken as the resistivity slope in the optimally doped
samples. The data for Zn-doped single crystals19 are shown
to represent the effect of in-plane defects on Cu sublattice
~again,a0 was taken as the slope in the undoped material!. In
oxygen-deficient samples, theTc-vs-a dependence is similar
to theTc-vs-x dependence and displays two plateaus, at 90
and 60 K. This is not the case in irradiated samples. HereTc
can be suppressed considerably~down to aboutTc0/2! 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 change ina observed at

oxygen depletion, this change would imply a reduction in the
oxygen content by less than 0.1~from x'0.93 tox'0.85!.
Even if such a reduction occurred, it would have had a neg-
ligible effect onTc as follows from the data in Fig. 2. We
will discuss below that the likely cause of the increase ina at
irradiation is not the oxygen depletion, but rather oxygen
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 observedTc suppression.

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

FIG. 2. Superconducting critical temperature~midpoint of resis-
tive transitions! vs normalized T-linear resistivity slope for
YBa2Cu3O61x (x'0.9) samples after electron irradiation. Data for
oxygen-deficient single crystals and thin films were extracted from
Ref. 17 ~s!, Ref. 28 ~1!, and Ref. 18 ~,! and for
YBa2Cu32yZnyO72d single crystals from Ref. 19~h!. The upper
scale shows the approximate oxygen content and corresponds only
to nonirradiated single crystals. Lines drawn to guide the eye.

FIG. 3. Hall coefficient of YBa2Cu3O61x (x'0.9) thin-film
samples@same as in Fig. 1~a!# after 80-keV electron irradiation;
data for nonirradiated single crystals withx50.9 ~curve 1!, x50.85
~curve 2!, andx50.78 ~curve 3! were taken from Ref. 17.
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relation ~such asRH}1/n in semiconductors! between the
Hall coefficient and carrier concentration in HTS’s because
the former is strongly temperature dependent and the cause
of this temperature dependence is not completely under-
stood. However, qualitative information can be obtained
comparing the data on irradiated samples with that on
oxygen-deficient ones for which the correlation of the Hall
coefficient and itsT dependence with oxygen content and
carrier concentration have been studied.17,18,20,21It is seen
that at small doses there is about 25% initial increase in the
Hall coefficient of irradiated samples, which correlates with
the increase ina occurring in the same dose range. A further
50-time increase in the irradiation dose results in about the
same or even smaller changes. The temperature dependence
of RH in irradiated samples remains nearly unchanged. A
comparable increase in the Hall coefficient is also observed
in Zn-doped YBCO single crystals.19,22 We would like to
note that the increase inRH not necessarily signifies the de-
crease in carrier concentration, but can result from an inter-
play of inelastic and elastic scattering. It was argued that a
better representation of the carrier concentrations is provided
by the slope of cotQH ~inverse Hall mobility! vs T2, where
QH is the Hall angle.19,21 A detailed analysis of the Hall
angle in the irradiated samples requires more space and will
be presented elsewhere. Note only that its slope indeed re-
mains practically unchanged after irradiation in agreement
with observations by Legriset al. and data on Zn-doped
YBCO. For the purposes of this paper, it is sufficient that all
theRH(T) curves for the irradiated samples~with Tc ranging
from 91 down to 50 K! lie around theRH-vs-T curve for
x50.85 nonirradiated single crystals~Tc'91 K!. The Hall
coefficient of the sample receiving the highest dose used in
this study ~Tc'50 K! is certainly smaller~at all tempera-
tures! than that of the nonirradiated single crystal with
x50.78 ~Tc'84 K!. This suggests that the decrease in car-
rier concentration, if any, due to the integral effect of all
oxygen displacements on different sublattices is not the case
of the observedTc suppression in irradiated samples.

All the observations above, though indirect, unambigu-
ously show that the prime cause of both irradiation-induced
Tc suppression and residual resistivity is oxygen defects on
CuO2 planes. This enables the determination of the displace-
ment energy for in-plane oxygen by studying the changes in
Tc at different energies of incident electrons.

B. Kinetics of defect production

In a dilute ~small concentration of defects! limit, one
would expect the changes inr0 to be proportional to the
concentration of in-plane defects. Substitution studies1 as
well as irradiation experiments show5,23 that the changes in
Tc are indeed proportional to the concentration of in-plane
defects. WhenEm does not exceedEd by much, as in our
case, the energy of the primary knocked-on atom is not suf-
ficient to cause secondary displacements. Then, making a
standard assumption that the probability of defect formation
is one atE>Ed

O and zero atE,Ed
O, sd can be obtained by

integrating the Mott-Rutherford differential cross section
from Ed

O to Em . This gives~see, e.g., Ref. 10!

sd5
pZ2

b2g4 S e2

mc2D 2X Em

Ed
O212b2 ln

Em

Ed
O

1pabH 2F SEm

Ed
OD 1/221G2 ln

Em

Ed
O J C, ~2!

whereb5V/c ~V is the speed of electrons;c is the speed of
light!, 1/g512b2, and a5Z/137 ~Z58 for oxygen!. The
number of displacements per oxygen atom~DPA! is given by
Nd5sdF. So, at low doses,Tc andr0 should be linear func-
tions of F. Correspondingly, the dependence ofdTc/dF
and/ordr0/dF on incident electron energy should be deter-
mined bysd(E). However, first, the criterion of a small dose
has yet to be established. And, second, this simple consider-
ation can in reality be complicated by recombination and
aggregation of defects as well as by their migration to the
‘‘sinks’’ ~dislocations, grain boundaries, etc.!, all of which
reduce the concentration of remaining point defects.

In order to establish the kinetics of the accumulation of
defects, we performedin situ resistance measurements dur-
ing electron irradiation. Typical results are shown in Fig. 4.
The important features found in these measurements are as
follows. First, the accumulation kinetics is highly nonlinear
even at nominally small (Nd!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
effect on resistivity decreases strongly with decreasing en-
ergy, indicating an approach to the threshold. However, elec-
trons with energy as low as 20 keV are still capable of pro-
ducing noticeable changes in the room-temperature
resistivity of YBCO.

Figure 5 shows theTc-vs-F dependence atE580 keV
and clearly demonstrates nonlinear behavior which re-
sembles a tendency to saturation at high fluences. Analysis
of the data in Figs. 4 and 5 shows that the observed kinetics
cannot be explained by a first-order back reaction with time
constantt ~diffusion-controlled recombination of defects!.
Also, a detailed study of the kinetics of recovery after irra-

FIG. 4. Change in the room-temperature resistance of;4-mm-
long and 3-mm-wide thin YBCO film microbridges during electron
irradiation. Beam current is approximately the same at different
energies. Solid lines are fits to the athermal model, Eq.~4!1Eq.
~6b!.
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diation shows that it is neither a first- nor second-order back
reaction. We have found a stretched exponential relaxation
kinetics exp(2t/t)b with b'0.43, which holds from the
very early stages of the recovery process.8,24

The mentioned features of the defect accumulation are
similar to those found in irradiation experiments with simple
metals25 and complex solids,14 and studied in detail, e.g., for
alkali halides.26 Pooley~see references in Ref. 26! proposed
that the prime cause of the nonlinear accumulation kinetics is
the athermal interstitial-vacancy recombination. The idea is
that if an interstitial and vacancy are formed within some
critical distance, they will spontaneously recombine and this
process does not require any activation energy. The recom-
bination is thus not governed by random diffusion and can-
not be regarded as a back reaction in the normally accepted
sense. The critical distance can be represented by assuming a
recombination~‘‘trapping’’ ! volumeVr 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 pro-
cess, provided they are not initially formed within the trap-
ping volume. Using these assumptions, Hughes and Pooley26

solved the athermal model exactly and found the following
time dependence of the vacancy concentration:

nv5~1/Vr !ln~VrFt11!, ~3!

whereF is the basic rate of defect production per unit vol-
ume. SinceF5NONd/Vcell andnv5Nv/Vcell , Eq. ~3! trans-
forms into

Nv5
1

v r
ln~v rNOsdF11!, ~4!

whereNv is the number of vacancies per unit cell,NO is the
number of oxygen atoms in the unit cell which can be dis-
placed,Vcell is the unit cell volume, andv r5Vr /Vcell . In a
low-dose limit

v rNOsdF!1, ~5!

Eq. ~4! reduces to the standard expressionNv5NOsdF.
Hereafter we useNO54 since only displacements of plane
oxygen are of interest.

We assume that the main contribution to the changes in
resistivity andTc 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
less influence. Also, at room temperature the interstitials are
mobile, can aggregate, and diffuse to sinks, and so the con-
centration of interstitials after room-temperature irradiation
should be smaller than the concentration of vacancies. There-
fore, in the following analysis we completely disregard the
possible contribution of interstitials. We would also like to
emphasize that the processes of radiation defect formation
and recombination is complex. As a result, even in simple
monoatomic solids the experimental determination, or calcu-
lation from first principles, of the exact defect concentration
is extremely difficult~for a discussion see Refs. 9, 25! and
often can only be done by comparing relative numbers as
well as results of calculations and experiments on defect-
induced changes in different physical properties. Therefore,
in this and the following sections we will use the simplest
model which we believe, nevertheless, catches the essential
physics and provides accurate estimates of induced defect
concentrations in such complex solids as HTS’s.

In order to compare the data in Figs. 4 and 5 with the
prediction of the athermal model, we use the linear relations
which should be valid at a low concentration of defects,

Tc~F!5Tc~0!2dTcNv , ~6a!

r~F!5r~0!1drNv , ~6b!

with Nv given by~4! andF}t. HeredTc anddr are param-
eters characterizing the single-defect contribution. The fits to
Eqs.~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 considered~such as first-
and second-order back reactions, stretched exponentials, etc.!
neither fits the data as well as Eq.~6! with only two fitting
parameters~v r and eitherdTc or dr!.

We have foundEd
O for plane oxygen to be 8.4 eV~details

of the evaluation are given below!. At E580 keV,sd is then
6.09310223 cm2, and the best fit to the data in Fig. 5 gives
v r52162, which corresponds to the trapping volume con-
taining about 150 oxygen sites and critical distance;3 unit
cell lengths: very reasonable figures. For a comparison, the
recombination volume usually contains;100 sites in simple
metals9,25 and about 3000 halogen sites in alkali halides.26

C. Displacement energy for oxygen on planes

Now we turn to the evaluation of displacement energy for
oxygen on CuO2 planes. A straightforward way of doing this
is to use slopesdTc/dF and/or dr0/dF measured in the

FIG. 5. Critical temperature of the irradiated samples~midpoint
of resistive transition! vs irradiation fluence of 80-keV electron ir-
radiation. Error bars denote the width of superconducting transi-
tions ~90%–10% level! in cases where this width exceeds the size
of the data points. The solid line is the best fit to the athermal
model, Eq.~4!1Eq. ~6a!, with fitting parametersdTc5280630 K
per defect cell21, v r52162.
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low-dose limit ~5! @where they reduce to 4sd(E)dTc and
4sd(E)dr0 , respectively# and fit them to the energy depen-
dence ofsd according to Eq.~2!.6 This requires measure-
ments atF!1020e/cm2. However, at such low doses addi-
tional complications arise. We found that at a displacement
of only chain oxygenTc increasesby 2–3 K ~from 91 to
93.5 K!.27 This increase resembles the increase inTc of
single crystals and epitaxial films at oxygen depletion, some-
times observed within the 90-K plateau region.18,28,29 By
contrast, in-plane oxygen displacements only suppressTc .
Since both types of displacements are produced simulta-
neously, a superposition of these two dependences results in,
depending onE, either a plateau or small maximum in
Tc-vs-F dependence at low doses. Therefore, the measure-
ments ofTc suppression have to be performed outside this
region and, as a consequence, at higher doses than those
required by the condition~5!.

Tc-vs-F dependences beyond the described region are
shown in Fig. 6. The existence of the threshold incident en-
ergy for Tc suppression slightly below 60 keV is obvious
from the data. In the small range ofF shown ~F,631020

e/cm2!, we can approximateTc vsF by a linear dependence,
keeping in mind that its slope (DTc/DF) is somewhat
smaller than in the true low-dose limit. The same procedure
was applied tor0-vs-F dependences at different energies.
We fitted both slopes to theE dependence of displacement
cross section~2! with Ed

O being the only fitting parameter, as
shown in Fig. 7. The best fit to the data givesEd

O58.4
60.4 eV, corresponding toEc'58 keV.

The evaluatedEd
O is considerably lower than the widely

used estimate~;20 eV! and lower than the value found by
Legris et al.6 We would like to stress here that thermal re-
combination~annealing! of defects~irradiations were done at
room temperature! cannot result in an apparent reduction of
the Ec , quite the opposite. The stability of Frenkel defects
depends on the vacancy-interstitial separation, which in-
creases with increasing energy transferEm . Therefore, faster
annealing of defects produced at lowerE would mimic a
shift of Ec toward higher energies. So the actualEd

O may
only be slightly lower than we evaluated.

Experiments with thicker films~up to 200 nm! prepared
by the BaF2 method and by laser ablation verified that the

low value ofEd
O is not specific to thin films. Independently of

the thickness and fabrication method, the results were found
to be consistent with the above value, which we believe,
therefore, is appropriate also for bulk samples. Moreover,
since CuO2 planes in cuprate HTS’s are all alike, we suggest
that a plane oxygen displacement energy of 8.4 eV is also
appropriate for other HTS materials. Preliminary results on
low-energy electron irradiation of La22xSrxCuO4 thin films
confirm this suggestion.30

It is interesting to note that the low displacement energy
of oxygen in YBCO follows also from molecular-dynamics
simulation of radiation damage.31,32For instance, Cuiet al.32

found thatEd
O can be less than 9 eV for displacement of

in-plane oxygen O~2! or O~3! into an interstitial site in the
middle of two plane Cu~2! sites and about 4 eV for displace-
ment of apical, O~4!, oxygen to the O~5! site on thea axis.

D. Displacement energy for oxygen in chains

Let us now set the incident energy below the threshold for
plane oxygen displacements and look at irradiation-induced
changes in transport properties which can be associated with
the formation of chain oxygen defects. The most noticeable
feature of the resistivity data is the increase ina with irra-
diation dose at unchanged~or slightly increasing! Tc , as
shown in Fig. 8. It resembles an increase ina that occurs in
oxygen-deficient samples in the region of the 90-K plateau
~see Fig. 2!. We suggest that this increase in irradiated
samples is primarily caused by chain disorder. Indeed, as
known from the studies of detwinned single crystals,17,33 the
resistivity slope in theb direction, ab , is a factor of 2
smaller than the slope in thea directions,aa , in fully oxy-
genated samples due to the existence of an ordered CuO
chain along theb axis and associated with it a band of
carriers.34 Whenx decreases,ab increases, approachingaa
since oxygen removal decreases the effective length of
chains. Similarly, if chains are being disordered at constant
oxygen content, we expect an increase inab and, corre-

FIG. 6. Tc-vs-irradiation fluence at different energies of incident
electrons. Dashed lines are fits to aF-linear dependence.

FIG. 7. Slopes (DTc/DF) of Tc-vs-F dependences shown in
Fig. 6 ~left axis! and the slopes~Dr0/DF! of r0-vs-F dependences
~right axis! as a function of incident electron energy. The solid line
is the best fit to the energy dependence of the Mott-Rutherford
displacement cross section@Eq. ~2!#, giving Ed

O~plane!58.460.4
eV.
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spondingly, inab-averaged slope in twinned samples. Chain
disordering slightly decreases the carrier concentration and
does not affectTc if x is close to 1 as follows from the
experiments with quenched oxygen-deficient samples.35 Hall
measurements do show an increase inRH ~decrease inn?! in
the irradiated samples in the same region ofF wherea in-
creases~Fig. 8!.

The effect of chain disorder onTc is known to become
more pronounced whenx is far from the optimal doping, due
to both a steeper dependence ofTc on n andn on the degree
of ordering.35 Indeed, atx50.5, a complete chain disorder
should result in a semiconducting phase,36 while the forma-
tion of an ordered 231 superstructure~ortho-II phase37! is
known to lead to a 60-K superconducting phase. To illustrate
the stronger influence of low-energy electron irradiation on
Tc in oxygen-deficient samples, Fig. 9 shows ther-vs-T
curves of the oxygen-deficient sample before and after 40-
keV electron irradiation. This energy is not sufficient to pro-

duce in-plane defects, and only chain defects were appar-
ently produced. As can be seen from these curves, there is a
noticeable decrease inTc and an increase in the resistivity
slope, suggesting a decrease in carrier concentration. The
Hall coefficient data presented in Fig. 10 support this sug-
gestion.

While the influence of chain disordering onTc 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 hopping@r;exp(T0/T)

1/3#. It is
worth noticing that, despite the obvious effects of localiza-
tion at low temperatures~which imply that the mean free
path is extremely short!, the temperature dependence of the
resistivity at high temperatures~curve 3! has exactly the
same form as in a low-residual-resistivity case~curve 2!. The
curves can be obtained from each other by a parallel shift
along ther axis, corresponding to the suggested increase in
the residual resistivity~Matthiessen’s rule!. Also, the magni-
tude of the resistivity~curve 3! at all temperatures exceeds
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.16,38

At 20-keV irradiation ~the lowest energy in the micro-
scope!, 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 limit onEc , we
estimate the upper limit onEd

O~chains) as 2.8 eV. In a
molecular-dynamics simulation of oxygen displacements
from O~1! to O~5! sites, Cuiet al.32 foundEd

O 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 processes~ionization! similar to the
mechanism of formation ofF centers in alkali halides. Also,
the energy barrier between the chain site and interstitial po-
sition on thea axis is low, and chain disordering can be
induced by nonequilibrium phonons which are the final prod-

FIG. 8. T-linear resistivity slope~left axis! and Hall coefficient
at 250 K~right axis! for two YBa2Cu3O61x (x'0.9) samples after
different doses of 40-keV electron irradiation.~h!, ~j!, sample No.
TY43; Tc vsF for this sample is shown in Fig. 6;~s!, sample No.
TY44. Solid lines are fits to the athermal model.

FIG. 9. In-plane resistivity of oxygen-deficient YBa2Cu3O61x

(x'0.6) sample No. TY38 after irradiation with 40-keV and then
80-keV electrons.

FIG. 10. Hall coefficient of the same sample as in Fig. 9.
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uct of energy release after any collision event. A low-energy
tail in radiation damage rather than the threshold should be
expected in these cases.

IV. DISCUSSION

A. Carrier scattering

Using the evaluated value ofEd
O, we can estimate the

concentration of irradiation-induced defects and characterize
quantitatively their effect onTc and r0. As above, we as-
sume that the main contribution toTc suppression and carrier
scattering comes from the in-plane O vacancies. Their num-
ber per unit cell is given by Eq.~3! with NO54 andsd from
Eq. ~2! at Ed

O58.4 eV. The values ofdTc and dr0 which
characterize, respectively,Tc suppression and scattering
strength of one defect in the low-concentration limit are
given in Table I. The same set of parameters was used to
extract these quantities from the data in Refs. 6 and 7. The
dTc shown agree quite well with the value extracted from the
data by Legriset al.6 taken at low incident electron energy.
The higher-energy data in Refs. 6 and 7 imply somewhat
biggerdTc , which is probably due to the contribution of Cu
displacements and secondary defect formation by primary
knocked-on atoms. We have not tried to account for these
processes, and so thedTc value inferred from the data of
Giapintzakiset al.7 should be regarded as an upper limit on
the actualdTc . For a comparison, the corresponding values
for Cu substitutions on Ni and Zn are also given. It was
assumed that both atoms substitute only for plane Cu. As can
be seen, the in-plane oxygen vacancies have an influence on
Tc comparable with Zn impurities. It is interesting to note
that there appears to be an anticorrelation ofdTc anddr0 for
in-plane defects; i.e., the strongestTc suppressers~Zn impu-
rities! have the smallest effect onr0. Also, for comparison,

vacancies in normal metals such as Cu increase the resistiv-
ity by ;1.5 mV cm/at. %, which is some 50 times smaller
than in YBCO.

Now we turn to the simplest model estimates with the
obtained parameters. Since the carrier transport in YBCO is
mainly of 2D character and there are two conducting planes
in the unit cell, the resistivity in the Drude model can be
expressed asr05(h/e2kFl 0)(c/2), whereh is the Planck’s
constant,c is thec-direction lattice constant,kF is the Fermi
wave vector, andl 0 is the mean free path. According to the
Ioffe-Regel criterion of metallic conduction, the shortest
mean free path corresponds tokFl 0;1; i.e., for YBCO the
maximum metallic resistivity isrmax5hc/2e2'1.5 mV cm.
From the data in Table I, we see thatr0 in the irradiated
samples would reachrmax at Nv'1 cell21, implying that
kFl 051 at this defect concentration. AtNv51 the mean
distance between the defects in one plane isa, which in turn
implies thatkF'1/a ~herea is the in-plane lattice constant,
and we do not make a distinction betweena andb since the
orthorhombicity of YBCO is small!. Band calculations, re-
cent measurements of the Fermi surface, and various model
calculations all suggest thatkF in CuO2 planes is about
2.7/a.34,39,40Taking this value, the estimate ofl 0 at Nv'1
cell21 ~r0'rmax! shows that the mean free path should be
close to the length of the Cu-O bond, a reasonable figure. It
will be shown below that superconductivity in optimally
doped YBCO is completely suppressed atNv'0.2 cell21. At
this concentrationkFl 0;5 and l 0 is about 7 Å; i.e., super-
conductivity in YBCO is destroyed when the impurity mean
free path becomes shorter than the coherence length in
defect-free material.

The defect-induced resistivityrd can also be estimated
using the expression for the transport impurity scattering
cross section in 2D systems,41 s5(4/kF)( sin2(d l2d l11!,
which gives

TABLE I. Initial rates ofTc suppression and residual resistivity increase by different in-plane defects in
YBa2Cu3O6.9.

Type of
defects

dTc
~K per defect cell21!

dr0
~mV cm per defect cell21! Comments

In-plane O 280 1.50 this work,E560–120 keV
defects 274 E5100 keV, thin filma

~vacancies! 490 1.59 E5350 keV, single crystalb

Zn impurities 391 0.69 single crystalsc

410 0.55 single crystalsd

404 ceramicse

Ni impurities 190 3.3 thin filmsf

140 3.61 thin filmsg

60 ceramicse

135 0.56 single crystalsh

aReference 6.
bReference 7.
cReference 19.
dReference 22.
eReference 54.
fReference 43.
gReference 44.
hReference 55.
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rd5~2rmaxnd /kF
2a2!(

0

`

sin2~d l2d l11!, ~7!

where we made use of the nearly square shape of the Fermi
surface. Hered l are the phase shifts of partial waves andnd
is the number of defects per unit cell. Phase shifts must sat-
isfy a 2D analog of the Friedel sum rule,41 which, for two
plane bands, can be expressed as

~4/p!(
2`

`

d l5Q. ~8!

The effective charge of a defect,Q, is determined by the
valence deference of the host atom and defect,Q1, as well as
by a change in the local ionic charge density resulting from
the distortion of the unit cell occupied by the defect,Q2 .

42

Since Zn21 ions substitute for Cu21 ions,Q1 is formally zero
for Zn impurities;Q2 we estimated as20.15. However, the
replacement of Cu by Zn reduces the number of 3d holes in
plane bands by 1. Therefore, it seems reasonable thatQ1
should be taken as11, and consequentlyQZn becomes 0.85.
It is also likely thats- andp-wave shifts would dominate at
scattering off Zn impurities. Indeed, in thes-wave unitary
limit, we obtain from Eq. ~7! that Dr0[rd/nd is 0.41
mV cm per defect, which is in fair agreement with the con-
tribution of Zn impurities ~see Table I!. For the in-plane
oxygen vacancies,Qv is about12, and we expect thatp-
and d-wave shifts should dominate. The Ni impurity in-
creases the number ofd holes by 1, andQNi should probably
be taken as close to21. The effect of Ni impurities onr0
should be regarded as enormously strong, if the resistivity
data we used43,44 were not affected by a change in the mi-
crostructure of Ni-doped films with respect to undoped ones.
Indeed, even if we take all thes, p, d, and f shifts such as to
maximize the sum in Eq.~7!, i.e., sin2(d l2d l11)51 for
l<3, the calculatedDr0 is still a factor of 2 smaller than the
Ni contribution suggested by thin-film data.43,44 Note, how-
ever, that optical measurements on the same films suggest
considerably smallerr0 than do the resistivity data,44 which
would be a plausible resolution. Recent data on Ni-doped
single crystals55 also show much lower resistivities anddr0
which are close to those in Zn-doped crystals.

The transport scattering cross section of in-plane oxygen
vacancies can be represented by a disk, diameterstr , and can
be estimated from Eq.~7!, which is equivalent to the expres-
sionrd5(\c/2e2)(nd/n)(kFstr!. If we take the hole concen-
tration n50.34 cell21, which follows from bond valence
sums and charge transfer models, it results inkFstr52.13
and, if the band value ofkF is used, a scattering diameter of
3 Å. From theTc suppression rate shown in Table I, the
critical concentration of vacancies which bringsTc down to
zero is about 0.3 cell21. More detailed consideration based
on pair-breaking theory~see below! suggests the critical con-
centration to be 0.2 cell21. Since the O-O distance in planes
is a/&, the mean separation of vacancies in one plane at this
defect concentration is about 9 Å and is considerably larger
thanstr , which to some extent justifies our treatment of scat-
tering centers and scattering events as completely indepen-
dent.

The transport impurity scattering rate in the Drude model
is 1/timp5r0v p

2/4p. Using the generally accepted value of

the plasma frequency in YBa2Cu3O6.9, \vp51.1 eV, for the
scattering rate off in-plane oxygen vacancies, we obtain
dt2153.531014 s21 per defect in the unit cell, where
dt21[t imp

21 /Nv .
We would like to note here thatr0 is not always a good

measure of impurity scattering in HTS samples, especially if
it is necessary to compare samples of different quality, be-
cause the value ofr0 can be affected by the microstructure of
the samples~grain boundaries, twins, etc.!. Also, even at
modest concentrations, point defects can aggregate, forming
poorly conducting regions, and so the actual length of the
current path can be greater than that suggested by sample
geometry. Analyzing a great deal of our own and published
data, we have found that the quantityr0/a ~a is taken in the
T-linear resistivity region! provides a better representation of
the actual impurity scattering. Indeed, the effect of macro-
scopic inhomogeneities and uncertainty in the dimensions of
samples on the length of the current path equally affects both
a andr0 and, therefore, cancels inr0/a. While r0 depends on
the carrier concentration, which can be different even in
nominally identical samples, e.g., due to variations in oxygen
content, this dependence also cancels inr0/a. Sor0/a better
represents scattering off point defects thanr0 alone. In the
Drude model, the relation with impurity scattering rate is
r0/a5t imp

21 /2pltr ; ltr is more or less well known for oxygen-
ated YBCO and according to various estimates is about
0.3.45

Figure 11 showsr0/a for the irradiated films as a function
of irradiation dose. In the athermal model, we obtain

r0 /a5
dt21

2pl trv r
ln~4sdv rF11!. ~9!

Using the same parameter valuessd56.09310223 cm2 and
v r521 as before~see the fit in Fig. 5! and takingltr50.3, the
fit to the data in Fig. 11 givesdt2153.731014 s21/defect, in
good agreement with the value evaluated fromr0. Using
r0/a inferred from the resistivity curves for Zn-doped single
crystals in Ref. 19, we obtaineddtZn

2153.131014 s21 per Zn
atom, a value close to the scattering rate off oxygen vacan-

FIG. 11. r0/a for x'0.9 YBCO samples vs irradiation fluence
of 80-keV electron irradiation. The solid line is the best fit to the
athermal model@Eq. ~9!# at v r521 anddt2153.731014 s21 per
oxygen defect in the unit cell.
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cies, but a factor of 2 higher than the value given in Ref. 19
and which follows from thedr0 in Table I.

B. Tc suppression

As follows from Sec. III, the determination of the exact
concentration of radiation defects is extremely complex. For
substitutions it is also not trivial because substitution prob-
abilities on different sublattices in HTS’s are not exactly
known. Therefore, in this section we will use the quantity
r0/a in order to characterize theintegral effect of all the
defectsinduced by irradiation or substitution and retained in
the samples up to the moment ofTc measurements, including
also possible effect of induced lattice strains, etc.

In Fig. 12 we plottedTc as a function ofr0/a ~i.e., t imp
21 !

for all the samples studied. The upper scale shows our best
estimate of the concentration of in-plane oxygen defects.
Also shown are the data for Zn-doped samples19 and an ir-
radiated detwinned single crystal.7 If we disregard the pla-
teaulike region at smallr0/a, which, as explained above,
arises from superposition of the effects of plane and chain
defects, it is seen that the rate ofTc suppression in the irra-
diated thin films, irradiated single crystal, and in Zn-doped
crystals is almost identical. This suggests a universal mecha-
nism of Tc suppression by in-plane defects, which is also

independent of~or only weakly depends on! carrier concen-
tration as follows from our data on irradiated oxygen-
deficient samples~Fig. 12!. In our work46 we have shown
that this universal behavior can be explained in the frame-
work of standard pair-breaking theory~see also Refs. 23, 47,
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
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 theTc in anisotropic superconductors in the
presence of impurity scattering is49–51

ln
Tc0
Tc

5xFcS 121
1

4pTctp
D2cS 12D G , ~10!

whereTc0 is the critical temperature of pair-breaking-free
material,c is the digamma function,x is the anisotropy pa-
rameter, andtp is the pair-breaking scattering time. In the
case ofd-wave pairing,tp is usually identified with the im-
purity scattering timet ~the symboltimp was reserved for the
transport scattering time!. The former can be expressed as52

h/t54ndz
2/N~0!~11z2!, ~11!

wherez[pN(0)V, N(0) is the density of states, andV is
the scattering potential. At a small concentration of defects,
Eq. ~10! reduces to

DTc[Tc02Tc5xh/16kBt. ~12!

It was argued earlier23,46 that the data on irradiation-
inducedTc suppression suggest thatx in HTS’s is close to 1.
From the data in Fig. 12, the lower limit onx can be esti-
mated as 0.8.53 Therefore, for definiteness, we consider
d-wave pairing and setx51. FromdTc given in Table I and
Eqs. ~11! and ~12!, we estimate the scattering potential of
oxygen vacancies asN(0)VO50.11. If we take the density of
states associated with two CuO2 planes from the band
calculations34 as 1.1 states eV21 per spin cell, thenVO re-
quired to fit the data to pair-breaking theory is 0.10 eV cell
~see also Refs. 23 and 47!. This seems to be too small a
figure because in normal metals the scattering potentials of
impurities are usually about the Fermi energyEF or band-
width, andEF in YBCO is;0.3 eV. It also appears to be too
small to account for the strong effect of oxygen defects on
the resistivity. Indeed, neglecting a subtle difference between
transport and scattering lifetime, using~11!, and the scatter-
ing rate per oxygen defect estimated above, we estimate
N(0)VO as 0.27 and, correspondingly,VO as 0.25 eV cell,
which is closer to the generally assumed Fermi energy. Un-
fortunately, we do not have any possibility of direct mea-
surement or evaluation ofVO from independent experiments.

In order to compare defect-inducedTc suppression with
pair-breaking theory, Milliset al.49 and Radtkeet al.51 sug-
gested the use in Eq.~10! of a transport impurity scattering
rate which can be inferred from the resistivity using either
experimentally determined values ofvp or ltr . If we do so,
pair-breaking theory, Eq.~10!, predicts a factor of 3 fasterTc
suppression~dotted curve in Fig. 12! than that observed~see
also Refs. 47 and 48!. Formal fitting the data to pair-breaking

FIG. 12. Critical temperature of YBa2Cu3O61x samples with
in-plane oxygen defects~vacancies! induced by 60–120 keV elec-
tron irradiation vsr0/a51/2pltrtimp . The upper scale shows the
evaluated concentration of in-plane oxygen vacancies and is appli-
cable to the irradiated samples, dashed and dash-dotted curves. Also
the data are shown for Zn-doped single crystals~1! extracted from
Ref. 19 and for 350-keV electron-irradiated detwinned single crys-
tal ~d! from Ref. 7. The dotted curve is the prediction forTc sup-
pression in YBa2Cu3O6.9 of pair-breaking theory ford-wave pair-
ing: Eq. ~10! at \vp51.1 eV ~ltr50.3! and tp5t imp . Solid lines
are the best fits to pair-breaking theory ford-wave pairing and
ltr50.3, givingt p

2150.29t imp
21 . The suggestedTc0 is 98 and 67 K

for x50.9 and 0.7, respectively. Dashed and dash-dotted curves
show the defect-inducedTc suppression at different strengths of
potential impurity scattering according to a strong-coupling calcu-
lation by Monthoux and Pines~Ref. 2! for spin-fluctuation-
mediated superconductivity; dashed curve,Tc0590 K, V52.5 eV;
dash-dotted curve,Tc05100 K,V50.5 eV.
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theory ford-wave superconductors requiresltr to be 0.092 or
vp50.61 eV. In other words, to be consistent with the data,
the pair-breaking scattering rate in YBCO should be
'0.29t imp

21 , independent of the carrier concentration~see Fig.
12, solid curves!. A possible rationale for this reduction,
such as scattering anisotropy and/or strong-coupling correc-
tions, was discussed elsewhere.7,46

The fitting to pair-breaking theory also suggests that the
critical temperature in an ideal YBCO sample with the opti-
mal oxygen content,Tc0, may be as high as 98 K, which is
about 5 K higher than the critical temperature reported for
the best single crystals. It is interesting to note that this dif-
ference corresponds almost exactly to the possibleTc reduc-
tion in optimally doped YBCO because of quantum phase
fluctuations as shown by Emery and Kivelson.38

The arguments against treating the scattering in thet ap-
proximation were given by Monthoux and Pines2 who pre-
sented numerical calculations ofTc suppression which take
into account the specific nature of the quasiparticle spectrum
and spin fluctuations in HTS’s. Their results for isotropic
potential impurity scattering of different strengths and values
of Tc0 are shown in Fig. 12. It is seen that the data can be
described in the MP model quite well. It is worth mentioning
thatTc suppression by Zn impurities can also be described as
due to potential scattering, and there may be no need for the
additional mechanism suggested by MP, which involves sup-
pression of spin fluctuations around Zn atoms.

V. SUMMARY

To summarize, we have studied the effects of electron
irradiation with energy from 20 to 120 keV on the resistivity,
Hall coefficient, and superconducting critical temperature of
YBa2Cu3O61x ~x50.9 and 0.7! thin films. By analyzing the
changes in properties at different energies of incident elec-
trons, we have found the threshold energy for displacement
of oxygen on CuO2 planes and evaluated the displacement
energy for plane oxygen as 8.4 eV. We have also studied the
kinetics of accumulation of oxygen defects at electron irra-
diation and found that this kinetics is governed by athermal
recombination of vacancy-interstitial pairs. UsingTc-vs-F
andr-vs-F dependences at energies above the threshold and
evaluated displacement energy and cross section, we esti-
mated the volume of instability~recombination volume! of
vacancy-interstitial pairs as 21 unit cells. Also, assuming that
only oxygen vacancies on planes are responsible for the
irradiation-inducedTc suppression and increase in the re-
sidual resistivity, we have evaluated their effect on resistivity
as 1.5 mV cm per vacancy in the unit cell and their effect on
Tc as2280 K per vacancy in the unit cell. The carrier scat-
tering rate was evaluated as~3.5–3.7!31014 s21 per oxygen
defect.

Analyzing the dependence ofTc on the irradiation-
induced resistivity~impurity scattering rate! in a wide range
of oxygen defect concentrations in planes and in samples
with different oxygen contents, we have shown thatTc sup-
pression is qualitatively consistent with the pair-breaking
theory ford-wave superconductors. The obtained data have
constrained the minimum value of the order parameter an-
isotropyx by 0.8. A quantitative description of the data in
d-wave pair-breaking theory requires that the pair-breaking

scattering rate be at least a factor of 3 smaller than the trans-
port impurity scattering rate. We have also shown thatTc
suppression by in-plane oxygen defects is comparable to that
by Zn substitutions for plane Cu. In both cases theTc sup-
pression was found to be in agreement with strong-coupling
numerical calculations by Monthoux and Pines for the effect
of potential impurity scattering onTc in the framework of
the nearly antiferromagnetic Fermi-liquid model of HTS’s.

In irradiations with electron energy below the threshold
for displacement of plane oxygen, we have observed an in-
crease in theT-linear resistivity slope and Hall coefficient,
and ascribed it to the effect of chain oxygen displacements.
The upper limit on the displacement energy for chain oxygen
was estimated as 2.8 eV. It was also found that irradiation in
the 20–40 keV energy range slightly increasesTc in fully
oxygenated samples, but decreasesTc in oxygen-deficient
samples. More detailed results will be published elsewhere.
Also, an interesting phenomenon we have only mentioned in
this paper is a stretched exponential relaxation~aging! of
irradiation-induced changes inTc and resistivity, which
closely resembles magnetic and dielectric relaxation in
glasses. This subject deserves, however, a separate
publication.24

In conclusion, we would like to list some of the phenom-
ena in HTS’s in which oxygen in-plane defects may play an
important role due to their strong influence onTc . For ex-
ample, a well-knownTc suppression near the grain bound-
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-
cies and/or oxygen atoms with broken bonds or locally dis-
torted coordination. The influence of such defects should be
much stronger than that of possible nonuniform distribution
and/or reduction of oxygen content in chains, which is usu-
ally invoked in discussions of transport across grain bound-
aries in HTS’s. Also, since vacancies are defects in thermal
equilibrium and at high temperatures their concentration in
planes can reach several percent, it would be interesting to
clarify whether they contribute toTc suppression in
quenched samples. Undoubtedly, the effects of in-plane oxy-
gen defects studied in this work govern the Josephson prop-
erties of weak links and flux-flow devices created in HTS
thin films by focused electron-beam writing8,12,56as well as
by focused ion irradiation. And finally, realizing the impor-
tance of in-plane oxygen defects, one can even make a sug-
gestion that these defects might be forming as a result of
substitution for plane copper and therefore might be partially
responsible for the changes in properties of samples doped
on the Cu sublattice as well.
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