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A model for positron annihilation in the high-7. oxides is constructed based on the strongly
correlated nature of the electrons in these systems. It is shown that the change in positron life-
time as a function of temperature in superconducting, nearly defect-free YBa>Cu3O; and
La, §5Sr0.15CuO4 can be understood on the basis of this model assuming that real hole-pair forma-
tion takes place in the superfluid state. The observed positron-lifetime changes in YBa;Cu307—«
as a function of x is also found to be consistent with this model.

I. INTRODUCTION

The positron has long been recognized as a very sensi-
tive probe of the electronic structure of solids.! It comes
as no surprise, therefore, that a large number of positron
studies have been conducted in the high-7, oxides in an
effort to elucidate the nature of both the normal and su-
perconducting states of these systems. All of these studies
indicate that these superconductors are, at least in some
respects, radically different from earlier superconductors.
In both powder’”> and single-crystal samples®’ the
positron-annihilation spectra show large changes on going
through the superconducting transition. This is in sharp
contrast to earlier experiments conducted on Pb and Nb
alloys®? which did not indicate any significant difference
in the positron response to the normal and superconduct-
ing phases. The only change observed was an increased
smearing of the Fermi surface in the superconducting
state of Nb3Sn (Ref. 10) consistent with the Bardeen-
Cooper-Schrieffer (BCS) picture of superconductivity.'!
The dramatically different behavior of positrons in the ox-
ide superconductors probably does not come as a big
surprise since these systems do seem to be different from
earlier superconductors in a number of different ways.
The sensitivity of the positron to these differences, as indi-
cated by the experiments, makes it a valuable tool for un-
derstanding the novel aspects of these new superconduc-
tors.

Besides the superconducting transition, the positron
also seems to be sensitive to the carrier concentration as
indicated by several positron-annihilation-spectroscopy
(PAS) studies in YBa,Cu307—,.'%!3 It is also remarkable
that the PAS data of sintered powder samples and single
crystals are very different. This difference is thought to
arise from the sensitivity of the positrons to oxygen vacan-
cies. Therefore, the positron can be used as a probe for
understanding both the changes in the electronic structure
of these compounds as a function of doping and also the
changes accompanying the transition to the superfluid
state.

For PAS to be a useful tool of electronic structure, the
experiments have to be complemented by theoretical mod-
els. The usefulness of combining experimental PAS data
with predictions from theoretical models, in elucidating
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the nature of the system being probed, has been amply
demonstrated in earlier works where the positron had
been used as a fingerprinting tool."'* In this work, this
philosophy is applied to the high-T. oxides in an effort to
gain as much information as possible about the nature of
these very intriguing systems. In order to keep things sim-
ple, emphasis will be placed on the experimental positron
lifetime data in single crystals since the interpretation of
the powder data is expected to be complicated by the pres-
ence of defects which can trap the positron.

Experimental observations of positron lifetime in
La; 35sSro.1sCuOy4 and single-crystal YBa,Cu;07 (Ref. 6)
show a single component in the lifetime indicating the
lack of defect trapping of the positrons. These systems, in
which the positron is not trapped in defects and annihi-
lates from an extended Bloch state, are expected to give
information relevant to the nature of the quasiparticles
and their condensation into the superfluid state. The ex-
perimental results in the two defect-free oxides are very
similar, suggesting a common mechanism for supercon-
ductivity in the two systems.® In both systems, the life-
time increases from a value of ~176 ps for T=T, to a
value of ~182 ps in La;gsSrg;sCuO4 and a value of
~ 187 ps in YBa,Cu30; at ~5 K. Signs of saturation
are observed in the data in Laj g5Srg15CuQO4 at tempera-
tures ~0.57.. In comparison, the lifetime in YBa,;Cu30O7
seems to be just beginning to saturate at temperatures ap-
proximately equal to 0.27.°

II. MODEL

A. General features

A common feature of the high-7, oxides is the presence
of fourfold-coordinated Cu atoms arranged in planar
structures.'>'¢ In the yttrium compounds there are two
types of CuQOy units; there are CuO; planes just as in the
lanthanum compounds, but in addition there are corner-
sharing CuOy units arranged in a fence or ribbonlike
structure with Cu-O chains running along the center of
the ribbons. '* The oxides are believed to be strongly corre-
lated electron systems. The half-filled-band systems
La,CuO4 and YBa,CuszO7—,, in the region x = 0.7, are
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insulating and show antiferromagnetism,'’ ~!° the dom-
inant correlations being in the CuQ; planes. There are in-
dications, however, of a moment developing on the Cu
atoms in the chains of YBa,Cu3;O7-, at a temperature
lower than the Néel temperature associated with the or-
dering in the planes.'® These observations would indicate
that the chains and the planes behave similarly in this
compound. As the carrier (hole) concentration is in-
creased, the antiferromagnetic order is destroyed and the
materials become superconducting.

A good starting Hamiltonian for these systems is
thought to be the Hubbard-Heisenberg model.?° Various
studies have been conducted to understand the motion of
holes in such systems. Studies of hole motion in quantum
antiferromagnets suggest that the bandwidth of the hole is
much narrower than what would be expected from band-
structure calculations, the degree of narrowing depending
on the nature of the insulating ground state; e.g., Néel
state??2 or a disordered state like the resonating-va-
lence-bond state.?* Other studies of hole motion in
Hubbard-like models also indicate a narrow bandwidth
and consequently a large effective mass of the hole.?* ™26
For the purpose of building a simple model capable of
dealing with the essential physics, the dynamics of the
hole can therefore be adequately modeled by assigning a
large effective mass to the holes.

The single positron introduced into the system as a
probe' is not subject to any of the constraining effects due
to spin ordering and moves about freely in the lattice
avoiding the positively charged ion cores.’ Its effective
mass is then expected to be the same as its band mass and
much smaller than the hole mass. This positron can an-
nihilate with any of the electrons in the system, and the
emitted y rays are detected for measuring the positron
lifetime and angular correlation spectra.! Positron densi-
ties have been calculated, in both the La and the Y com-
pounds, using different techniques.>%!>!? These calcula-
tions indicate that the positron density is peaked around
the Cu—O bonds in the lanthanum compound. In the yt-
trium compound, the positron density is also peaked
around the Cu—O bonds, but is concentrated in the region
near the chains with very little density in the planes.>'%'?
These features seem to be insensitive to the details of the
calculations, and are consistent with the observation®'>!?
that the positron is very sensitive to changes in the oxygen
content which primarily affects the ordering along the
chains, leaving the CuQO; planes virtually unaltered.'’
The similarity of the positron lifetime behavior in the two
compounds would then suggest that the chains in
Y Ba,Cu3;0 play a role in the superconducting transition.

B. Model Hamiltonian

The experiments in the oxides indicate that a majority
of the annihilations take place with tightly bound corelike
electrons.>!? These core like electrons are expected to
respond very weakly to the positron and one can ignore
the effects of enhancement arising from the strong dynam-
ic correlations between electrons and positrons.' The im-
portant correlations left over are the ones between the

heavy holes and the comparatively light positron. A sim-
ple model, describing the holes and the positron, which is
expected to capture the essence of the physics of positron
annihilation in the high-T, oxides, can be represented by
the Hamiltonian
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The first term is the kinetic energy of the holes with
effective mass m*, the second term is the kinetic energy of
the single positron, and the third and fourth terms de-
scribe the interaction of the positron with the atoms and
the holes. The position of the holes are denoted by r;, the
position of the atoms by R,, and the position of the posi-
tron by Rg. In Eq.(1), the electrostatic interaction of the
positron with the ions and electrons has been described by
taking a superposition of atomic potentials.?’” The corre-
lation potential describing the strong dynamic correlations
between the positron and the itinerant electrons?® has
been neglected, the justification for this being the small-
ness of the overlap with the itinerant electrons. The in-
teraction of the positron with the holes has been similarly
approximated as a superposition of the electrostatic poten-
tial due to single holes.

In studying the high-T, oxides, one is interested in that
regime of parameters where the effective mass of the hole
m* is much larger than the positron mass M. Under
these circumstances one can invoke the adiabatic (Born-
Oppenheimer) approximation, familiar in the context of
the electron-lattice problem. The positron, which is mov-
ing on a time scale much shorter than that associated with
the hole motion, sees a static distribution of holes and can
always be in its ground state. The finiteness of the hole
mass could lead to some changes in the effective potential
felt by the positron and hence affect its motion. However,
as long as the positron mass remains much smaller than
the hole effective mass this potential is expected to be very
similar to the static potential.?’ The positron wave func-
tion can then be calculated as a functional of the hole po-
sitions, and the positron-annihilation characteristics
would then have to be calculated by taking overlaps of
electron and positron states for a given distribution of
holes and ensemble averaging over the hole positions. It
can be expected then that any change in the nature of the
distribution of holes will have a significant effect on the
PAS results. It will be argued later that this is precisely
what is responsible for the change in the positron lifetime
on going through 7.

A rough picture of the nature of the positron ground
state, in the presence of a static distribution of holes, can
be envisaged without doing any detailed calculations. The
holes are expected to be localized around the Cu or O
atoms and, to the positron, these sites then look like ‘“‘im-
purity” atoms with one extra positive charge. The hole
could possibly be smeared out over a few lattice sites in
which case the effective extra positive charge per impurity
site will be less than one. Compared to the “host’™™ atoms
the “impurity” atoms appear more repulsive to the posi-
tron due to the latter’s extra positive charge. As a result



the positron redistributes; the positron density gets deplet-
ed in the region near the impurity atoms and its overlap
with the tightly bound electrons of the impurity sites de-
creases. The effect does not have to be very large in order
to cause a significant change in the positron lifetime as the
impurity distribution is varied.

C. Nature of the condensate

The Hamiltonian describing the nature of the positron
dynamics has to be complemented with a description of
the nature of the superfluid state before one can answer
any questions regarding the change in PAS results from
the normal to the superfluid state. There have been quite
a few suggestions in the literature regarding the nature of
the condensation in strongly correlated systems like the
oxides. !"2#30732 These theories can be roughly divided
into two broad categories; the ones involving Cooper pairs
and the ones involving real (local) pair formation of the
holes. This leaves out theories which do not involve any
pairing. In the spirit of trying to build a model with
unique features, the real-pair formation model will be
adopted here. However, the consequences of taking a con-
densate of Cooper pairs will also be discussed.

In the present model of the superfluid state, where the
holes form real pairs, the ground-state (7"=0) wave func-
tion can be written as a product of pair wave functions,
#(r), with the same wave function for all pairs.“ Real
pairing would also imply that ¢(r) be strongly peaked
around small values of the pair separation and not have
the long tail characteristic of Cooper pairs.!! In the su-
perconducting state, the positron would then see a strong-
ly correlated distribution of impurities (cf. Fig. 1) since
the fluctuations in the pair amplitude would be negligible
in the condensed state and a classical picture of impurity

e 0 e @ @ 0 0
e e 0o 00 0 00
oo e 00 0 00
e e e 000 OO (a)
O e 0o 0o @ 00 0
e e 0 00 000
e e 0 0 0 0 0
e 0 o o0 00
e 0 0o @ @ 0 @
e o000 00 00
e e o000 )00
R EEEKEK) (b)
e e 0 00 000
e e 0 00 0 00
e o0 000 0o
e 00 0 o @ 0@

FIG. 1. Schematic plot of a square lattice with (a) isolated
holes (diamonds), above T, and (b) correlated pairs, below T.
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pairs can be applied. Above T., thermal fluctuations in
the pairing amplitude would wash out any effects of pair-
ing on the positron lifetime. This implies that ensemble
averaging in the normal and superconducting states would
involve very different impurity distribution functions. The
effect of this can be simulated by taking a random distri-
bution of isolated impurities above T, and a random dis-
tribution of impurity pairs (of varying sizes) and isolated
impurities below T,. The overlap of the positron with the
bound pairs is expected to be different from that with two
isolated impurities, and this could then be the source for
the difference in positron lifetime between the normal and
the superconducting states.

This completely defines the model system for which the
positron annihilation spectra are to be calculated. Com-
parison of these results with experimental observations
would then serve to show how good the model is in
describing the high-T. oxides.

III. POSITRON LIFETIME

A. Normal and superconducting states

The positron lifetime is given by the inverse of the over-
lap of the electron and positron densities, if the enhance-
ment of the electron density at the positron site can be
neglected."?® This is usually a good approximation for
the overlap with tightly-bound electrons.?’?® In the
high-T. oxides, the majority of the annihilations takes
place with tightly-bound electrons, 313 and the total life-
time can therefore be well approximated by the inverse of
the overlap of the positron density with the density of core
like electrons which is strongly peaked near the atomic
sites. In the rest of the paper, the term overlap will refer
to the overlap with the tightly bound corelike electrons.
The correlation between the positron and the heavy holes
has, however, to be taken into account in calculating this
overlap. Within the adiabatic approximation, this is taken
care of by considering a system of host atoms with a dilute
concentration of impurities which have extra positive
charge. The overlap, for a given distribution of holes, can
then be written as

A({ri})-ZA({I'[})"'ZA(S‘({T[}) . (2)

Here, the first term on the right represents the overlap
with the impurity sites, and the second term the overlap
with the host sites. The lifetime would be obtained by
taking the inverse of this overlap, averaged over impurity
sites with a given impurity distribution.

In the normal state there is a dilute concentration of
holes, and the impurities can be taken to be randomly dis-
tributed; no correlation is expected between the positions
of two holes. The overlap Aj can then be taken to be in-
dependent of the site index i. The overlap with the host
sites can also be assumed to be independent of the site in-
dex, and the ensemble-averaged overlap written as

AN-=A;,n;,+A0(1 —n;,). (3)

Here A" denotes the total overlap with the tightly bound
electrons, A, denotes the overlap with the electrons bound
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to the impurity sites, and Ag denotes the overlap with the
host sites. The number density of impurity sites, which is
the same as the number density of holes, is given by n,.
The individual overlaps A, and Ao depend on the specifics
of the model and can be calculated, and, as discussed ear-
lier, the former is expected to be smaller than the latter.
The difference between A, and Ay is, however, not very
important in determining the trend in the temperature
dependence of the lifetime in the superconducting com-
pounds. What is important is the change in the total over-
lap upon pairing of the holes. The changes in lifetime as a
function of doping, on the other hand, depends on the
magnitude of this difference. This aspect will be briefly
discussed later. The main aim of this work, however, is to
understand the response of the positron to the supercon-
ducting transition.

In the superconducting state, there is a condensate of
hole pairs and this implies a short-ranged correlation be-
tween the impurities. Allowing for the presence of impur-
ity pairs in the impurity distribution, and making the
same approximation about the site independence of the
overlap with pairs, the ensemble averaged overlap in the
superconducting state can be written as

AS(T)=A, o (2T) +Aplng —n (T)1+Ao(1 —np) 4)
=n,(T)(Ap/2—Ap)+AN. (5)

Here n;(T) denotes the number density of correlated im-
purities, the condensate density. The average overlap with
the pairs, A, is given by

A= f Ay @)p()dr, ©)

where the function A,(r) is the overlap of the positron
with the electrons in the region of an impurity pair, as a
function of the pair separation. If the average overlap
with the pair, A, is less than the overlap with two isolated
impurities then A*(T) will be less than A", i.e., the life-
time below 7, will be larger than that above 7,.. The
average overlap with the pair is expected to have this be-
havior if the pair wave function favors pair separations
small enough for the impurity potentials to overlap. For
Cooper pairs the long tail of the pair wave function would
dominate the integral and no significant difference would
exist between A,/2 and Ay.

At T=0, the condensate density reaches its maximum
value as does the lifetime. At temperatures above 7=0
but below the transition temperature, a finite fraction of
the holes are excited out of the condensate due to pair
breaking. These holes then appear to the positron as iso-
lated impurities. If it is assumed that the nature of the
pair wave function does not change with temperature,?
then the only temperature-dependent factor entering the
positron lifetime would be the condensate density. This
implies that the temperature dependence observed in the
experiments is that of the condensate density n,(7). By
fitting the experimental lifetime data to the inverse of the
overlap given by Eq. (4), the temperature dependence of
n;(T) could therefore be extracted.

Muon-spin-relaxation (uSR) experiments give a mea-
sure of the superfluid density,** and a comparison of the

two types of experiments does indicate similar trends in
the positron lifetime and the relaxation rate in uSR. It is
not absolutely clear that the same physical quantity is
measured in the two experiments. In uSR, the penetra-
tion depth is measured and related to the superfluid densi-
ty which is defined in terms of the long-wavelength
response of superconducting electrons to a transverse vec-
tor potential. According to the present model, the posi-
tron lifetime measures the condensate density, and there is
no real justification for identifying this with the superfluid
density.*> The condensate density, measured by the posi-
tron, seems to show a linear temperature dependence over
a larger temperature region® than the superfluid density
as measured by muons.>* The superfluid density and the
condensate density are both expected to saturate at low
enough temperatures. However, the characteristic tem-
perature could be different in the two cases and is expect-
ed to be model specific.

The uSR experiments indicate a nearly linear relation-
ship between n,(T'=0) and 7..3* A comparison of the
positron lifetime data in La;gsSrp;sCuOs and YBa,-
Cu307 (Ref. 6) shows that the difference between the life-
time at T=0, tS(7’=0), and the normal-state lifetime,
™, is smaller in the former than in the latter compound.
According to Eq.(4), the relative difference in the life-
times is given by

5(T=0)— ¢V
S(T=0)

There can, therefore, be two sources of the observed
difference; the value of the condensate density at 7=0 or
the difference in the overlaps, A, and A;. Assuming that
the overlaps are the same, the ratio of the condensate den-
sities can be calculated from the experimental data® and is
found to have a value close to 2. This is similar to the ra-
tio of the superfluid densities deduced from the uSR data.
In making any detailed numerical comparison between ex-
perimental positron lifetime data and the present model, it
should be remembered that the valence-electron contribu-
tion to the positron lifetime has been completely neglected
in the model.

According to the present description of PAS in the ox-
ides, any model of superfluidity which involves real-space
pairing would lead to a Bloch-state lifetime increasing
with temperature below 7.. More specific information
can be obtained by comparing in detail the experimental
values with predictions of A, and A, obtained from realis-
tic calculations. The experimental observations can be
used as a guide in choosing specific models.

A
Ah———p— ™. @)

=n,(T=0) )

B. Calculation of overlap

The experimentally observed difference in lifetime be-
tween the lowest observed temperature and 7, for both
compounds is of the order of 10-15 ps, i.e., less than 10%
of the value above T.. This would imply [cf. Eq. (7)] that
(Ap/2—=AR)/A"Y is of the order of 10%. To check if the
present model would predict anything in this range, a sim-
ple calculation of holes in a jellium background was car-
ried out.
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It was assumed that in the absence of the holes the posi-
tron saw a uniform neutral background. A pair of holes
was then introduced into this system and the hole poten-
tials were taken to be the muffin-tin versions of the
Coulomb potential due to two positive point charges (cf.
Fig. 2). The separation between the holes was then
varied, and the positron wave function calculated by the
Wigner-Seitz method. ¢ The boundary condition imposed
was that the positron wave function be a constant in the
region where the potential remains constant, the radial
derivative of the wave function going to zero at this
boundary.

An important aspect of positron annihilation in the
high-T. oxides is the predominance of the overlap of the
positron with tightly bound corelike electrons, indicating
that the density of delocalized electron is very small in
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FIG. 2. Muffin-tin potential due to a hole pair in a uniform
background; the holes are situated at 0.0 and — 10.0 and the
hole radius (muffin-tin radius) is 4.0. (b) The overlap A,(r)/2
as a function of the pair separation. The vaklue of A, in these
units is 2.0. The pair separation is measured in the same units
as the distance in (a).

these systems. It was for this reason that the analysis in
this paper has been restricted to the overlap of the posi-
tron with only the tightly bound electrons. To simulate
this effect in the jellium, where the electron density is a
constant, the electron-positron overlap was calculated by
restricting the integrals to within the volume of the
muffin-tin sphere around each hole: this gives an effective
“core” overlap. If instead, the total overlap had been cal-
culated, with a constant electron density throughout the
volume of the system, there would be no effect due to the
pairing, or the presence, of the holes since the positron
wave function is normalized. Normalization implies that
a decrease in the positron wave function in the region of
the holes has to be accompanied by an increase elsewhere
in the system. In the context of the oxides, this implies
that if the electron density in the core and the interstitial
regions were comparable then there would be a near can-
cellation between the decrease in the core-electron overlap
and the accompanying increase in the valence-electron
overlap. It is therefore worth stressing again the impor-
tance of the observation that the overlap with corelike
electrons is much larger than the overlap with the delocal-
ized electrons. Admittedly, the overlap with the valence
electrons will increase as the core overlap decreases.
However, this will be a much smaller effect and is not ex-
pected to change the trend in the positron lifetime. A
quantity that measures only the overlap with the tightly
bound electrons is the Doppler-broadening parameter
(1—S) and this is seen to decrease with temperature
below T..°

Results of the jellium calculation of the “core” overlap
are shown in Fig. 2. It can be seen clearly that this over-
lap is much smaller than the isolated hole value for pair
separations of the order of the hole radius. Even when the
holes are as far apart as five times this value, the
difference in the overlap with that of an isolated hole is
large enough to give the difference observed in experi-
ment. Admittedly, this simple model is very far removed
from the real system of Cu and O atoms. However, it
does serve to show the effect of the pairing of holes on the
positron.

More realistic calculations can be carried out with the
actual lattice structure and electronic configuration of the
atoms taken into account. The conclusions regarding the
lifetime are, however, not expected to change very much
since the most important ingredient of the calculation is
that the positron sees a more repulsive potential due to,
say a (Cu'*, Cu'") pair as compared to a (Cu®*, Cu'")
pair; a fact evident from results of atomic calculations.?’
Detailed calculations are expected to be very useful in try-
ing to sort out differences between different hole sites (Cu
or O) and also in obtaining the angular correlation spec-
tra. An important question which can be addressed there
would be the symmetry of the pair wave function, since
this will be reflected in the symmetry of the impurity pair,
taken to be spherically symmetric in the jellium calcula-
tion. The anisotropy of the pair wave function can be ex-
pected to determine the anisotropy of the calculated angu-
lar correlation spectra. Realistic calculations can also sort
out questions about the relative importance of core and
valence overlaps.
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It should be noted that in the actual systems, the posi-
tron sees a random potential due to the static holes and
will therefore not be in a truly extended state. The en-
velope of the positron wave function would be peaked in
regions away from the holes and depending on the degree
of disorder introduced by the holes it could undergo some-
thing akin to Anderson localization.*® In particular, clus-
tering of holes could lead to an increase in the degree of
disorder and to a decrease in the localization length. This
seems to be an attractive way of understanding the change
in the nature of positrons on going from the normal to the
superconducting state and would be worth pursuing.
However, the effects of the finite mass of the holes would
probably have to be taken into account.

C. Effects of doping

As mentioned before, the positron lifetime depends on
doping. This is consistent with the model for A" given by
Eq.(3). According to this model, the lifetime should in-
crease (the core overlap decrease) with increasing hole
concentration. This could provide an explanation for the
observed trend in the Bloch-state lifetime in YBa,Cu;s-
07—, between x=0.2, ¥ =165 ps and x=0.0, tV =176
ps. The application of the model would require that the
Bloch states be similar as the hole concentration is varied.
This is not the case for x = 0.5 and, therefore, a straight-
forward application of the model is not possible. It would
be interesting to study in detail the behavior of the Bloch-
state lifetime in the region 0.0 < x < 0.2 and correlate it
with the hole concentration in the chains and the planes.*®

D. Trapped state lifetime

The polycrystalline data show a decrease in the trapped
state lifetime as a function of temperature below 7T.. A
possible explanation for this in light of the present model
is a change in the binding energy and, therefore, the
trapped state of the positron. Hole pairing can increase
the probability of finding a vacancy with two holes close to
it. Such a vacancy has fewer electrons leaking into it, and,
hence, a less attractive potential than a vacancy with only
one hole close to it. Below T, the positron can therefore
annihilate from two types of traps, one with a lower bind-
ing energy than the other, and the concentration of the
trap with the lower binding energy increases as the tem-
perature is decreased. The positron lifetime in the shal-

lower trap is expected to be smaller than that in the
deeper trap since it can leak out more into the core regions
of atoms when the binding energy is lower. Since the va-
cancies are thought to be at the oxygen sites, holes on the
Cu sites would have a larger effect on the vacancy poten-
tial, since they are closer to the vacancy, than holes on the
O atoms, which are farther away. Detailed calculations
could therefore be used to distinguish between the two
types of hole sites.

IV. CONCLUSION

In conclusion, a very simple model has been presented
for understanding the trends in the PAS of the high-T.
oxides. The major prediction of the model is that the
overlap of a delocalized positron with the core electrons
decreases with temperature below T,, the decrease being
proportional to the condensate density. This implies an
increasing positron lifetime below 7., which is in qualita-
tive agreement with experiment. A comparison of the ex-
perimental lifetime data with the present model indicates
a correlation between 7. and the condensate density at
T =0 which is similar to the correlation observed in uSR
experiments. The model can also provide an explantion
for the trend in lifetime as a function of doping and the
change in the trapped state lifetime from the normal to
the superconducting state.

A simple jellium calculation has been carried out to
demonstrate the effect of pairing on the positrons. More
realistic calculations, based on the present model, should
be extremely useful in gaining detailed knowledge about
the nature of the holes and their pairing.

The generally good agreement between the predictions
of the model and the experimental observations would
suggest a mechanism for superfluidity which involves real
pairing of the holes. The model is built on the basic prem-
ise of the holes having a narrow bandwidth and its success
would then imply that the holes do indeed have a much
narrower bandwidth than would be expected from band
theory.
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