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Positron-surface sticking rates
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The probability that positrons are trapped into the image-potential-induced state on a metal
surface, i.e., "stick" to the'surface, is discussed. Our model assumes that the positrons couple
weakly to the surface and, hence, that the sticking coefEcient goes to zero as the temperature tends
to zero. This assumption is validated by the order-of-magnitude agreement with experimental data
that we obtain for trapping rates for thermalized and epithermal positrons. We have also predicted
that the trapping rate varies strongly with the positron work function and that trapping rates into
helium bubbles are significantly smaller than for empty cavities.

I. INTRODUCTION

There has recently been renewed interest in the role of
quantum effects in the behavior of particles near a solid or
liquid surfacet especially with reference to electrons on
the surface of liquid He. A quantum particle sticks to the
surface by forming a bound state in a surface potential
well. As the temperature T of a quantum particle of mass
m tends to zero, the particle will be reflected off a rigid
surface since its de Broglie wavelength (= hex/mkItT;
ks is Boltzmann's constant) becomes so large that there
is a vanishingly small overlap with the weil. 5 However, it
has been argued that the sticking probability for quan-
tum particles at low temperatures will tend to unity if the
particle-surface coupling is sufficiently strong that the
surface is modified by the particle-surface interactions
and so is no longer rigid. Determining the strength of
the coupling and the value that determines the crossover
between the two cases is a subject of much debate.

Positrons provide an interesting example of quantum
particles that may stick to surfaces. Figure 1 illus-
trates the processes that occur prior to and after im-
plantation of a positron into a surface. On entering
the surface, positrons may be trapped in the image-
potential-induced well or, once implanted, those that re-
turn to the surface may be trapped. Britton et al. and
Huttunen et al. have recently made experimental mea-
surements on positron-surface interactions for metals at
low temperatures. In these experiments, keV positrons
are implanted into a solid where they rapidly thermal-
ize. Some of the positrons diffuse back to the surface
where several channels become available to the emerg-
ing positron: emission as a free positron, emission as
positronium, Ps (which can only form outside the surface
of a metal or semiconductor where the electron density
is suf5ciently small), and trapping into the surface state

induced by the image potential.
In Refs. 6 and 7 the results clearly show that thermal

positron and Ps fluxes at clean Cu(111), Al(110), and
Ag(111) surfaces are strongly reduced at low tempera-
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FIG. 1. Schematic picture of possible positron-surface
processes (a) for positrons entering a metal and (b) for im-
planted positrons leaving the metal.
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tures. Hence, either the positrons are reflected back into
the bulk (i.e. , the sticking coefficient is zero), or they are
trapped into the image potential well (a sticking coeffi-
cient of unity). Unfortunately, it is very difficult to deter-
mine directly by experiment the fraction trapped into the
surface state. Hence, the question of whether the stick-
ing coeKcient of the positrons is zero or unity cannot
be resolved by these measurements. The interpretation
of this data is complicated by the need to make assump-
tions about the temperature dependence of the transition
rate into the surface state v„. Furthermore, the very dif-
ferent temperature dependence of Ps formation deduced
from measurements at Ag(100) surfaces compared with
measurements at Ag(111) surfaces creates additional dif-
ficulties for understanding these measurements. These
issues are taken up in Sec. III C below.

The question of whether Ps sticks to metal surfaces
is related to whether positrons stick to metal surfaces.
This question has been examined in recent experiments
of Mills et al. and Martin, Bruinsma, and Platzman
which strongly suggest that in fact Ps sticks to metal
surfaces at low temperatures. The calculations indicate
that the interaction of Ps with the surface is strong in
the sense that the second-order perturbation theory for
sticking seems to be inadequate.

There is also an interest in positron-surface sticking
rates at nonzero positron energies. These are needed
in many measurements of positron-surface phenomena.
Baker, Touat, and Coleman have measured branching
ratios for positrons implanted into a Cu(110) surface at
implantation energies of 5—40 eV. At such low values of
the implantation energy, there is a significant probabil-
ity that the positrons will return to the surface before
they have thermalized. Thus an essent, ial prerequisite
for the interpretation of these data is an investigation of
the surface-state transition rate v»(E,+ )and the pr.oba-
bility per encounter that the positrons stick to the sur-
face, P„(E,+), for a range of E+ exceeding thermal en-

ergies. Recently, McMullen and Stottii and Puska and
Manninen 2 have shown that the trapping rates at va-
cancies in bulk metals may be considerably enhanced by
p-wave scattering resonances. It has been suggested
that the increased trapping probabilities observed below
an implantation energy of 20 eV may be consistent with
an analogue for surfaces of this resonant trapping. We
will address this suggestion in Sec. III D.

In this paper we have looked at the variation of the
transition rate into the surface state, v„, and the prob-
ability per surface encounter that the positrons stick to
metal surfaces, P„,with the positron kinetic energy prior
to trapping, E+, for thermal and epithermal positrons.
The (inelastic) process of trapping is assumed here to in-

volve a transfer of energy to the electrons in the metal
by the creation of electron-hole pairs. We have assumed
a weak interaction between the positron and electrons
in the metal and used first-order perturbation theory so
that the process of trapping involves the creation of only
one electron-hole pair. In this approach, the polariza-
tion of the electrons in the metal is included by statically
screening the electron-positron Coulomb interaction.

The sticking probability P„(E,+) for thermal positrons

was first calculated by Neilson, Nieminen, and
Szymanski. Our results differ from Ref. 13, and we have
extended the theory (i) to cover the limit E+ ~ 0, (ii) to
cover epithermal energies, (iii) to look at v„(E, ), and
(iv) to the case where the positron is trapped prior to
implantation [Fig. 1(a)]. Note that the present results
are more accurate than those published in a preliminary
report on this work, which followed the same procedure
as in Ref. 13. In addition, we have looked at the vari-
ation of trapping rates with the positron work function,
using tungsten as an example, and the extent to which
the presence of He affects trapping rates into helium bub-
bles in metals, which is relevant to the interpretation of
positron-lifetime measurements.

The outline of the paper is as follows: Sec. II contains
a short description of the formalism which is presented
in more detail in the Appendix, Sec. III discusses the
results, and Sec. IV is the conclusion.

II. METHOD

In the analysis of positron-surface interactions, a quan-
titative measure of the surface-state trapping is given by
the transition rate to a bound state in a potential well

at the surface per defect concentration v„. The rate v„
enters into the boundary condition for the positron dif-
fusion equation, see, e.g. , Ref. 6. If we take L to be the
linear dimension of the metal, with the metal surfaces
located in the planes z = Land z =—0, we have

(2.1)

where Ay; is the probability per unit time for the positron
to make a transition from the initial state i to the final
state f, and p~~~

is the momentum parallel to the surface
of the positron in the final state f

We assume here that the energy lost by the positron in

going from an extended state to a trapped state is given
to an electron-hole pair. From the Fermi golden rule,

Ag, = (2~/fi) ) ) IMg;I fi, (l —fi,+~)

xr[E+, —E+

+h (k+ q) /2m —fi k /2m].

(2.2)

Mg; = (gg)V)g;). (2 3)

Like Neilson, Nieminen, and Szymanski, we approx-
imate @; by the product of single-particle positron and
electron wave functions; we assume a jellium model in

Here k and k+q are, respectively, the electron momenta
before and after the transition, fi, (= 1 for k & kF, ——0
otherwise; where k~ is the Fermi wave vector) is the
Fermi factor at 0 K, E+ (E+&) is the pos. itron initial

(final) energy relative to the vacuum, m is the electron

mass, and My; is the matrix element between initial and
final system states g; and gy, respectively, for the per-
turbing potential V,
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which the surface is represented by a uniform distribu-
tion of positive charge confined to the region z & 0, the
electron states are given by the infinite barrier model, and
the coupling potential V is a screened Coulomb poten-
tial, with the screening parameter p set equal to a fixed
fraction of pTF where the Thomas-Fermi screening pa-
rameter pTF ——+4k~/mao and au is the Bohr radius. If
the potential seen by the positron is approximated by an
asymmetric square well, it is straightforward to calculate
v„ from Eqs. (2.1)—(2.3) and, full details of the calcula-
tion are given in the Appendix. Our matrix element con-
tains an extra term compared with the expression given
in Neilson, Nieminen, and Szymanski, as shown in the
Appendix.

We have used the infinite barrier model although it
would be possible to give the electron work function a
more realistic value. We would not, however, expect this
change to have a significant qualitative effect as all that
would do would be to change the overlap between the
e+ and e—as is clear from Eq. (A5) in the Appendix.
To go beyond the infinite barrier model would greatly in-
crease the complexity of the calculations which would not
appear to be justified in view of our neglect of positron-
electron correlations.

We have also calculated the probability per surface en-
counter P», which is related to v» by

P„=v„/(hp, s, /m), (2.4)

where p, b; is the z component of the initial wave vector
of the positron in the bulk, defined such that

h p, q;/2m = E+ + P+. (2.5)

P+ is the positron work function.
The above expression is only valid if P„&& 1. ForP„1, it should be replaced by a more general

expression

P„= 1 —exp[—v„/(hp, b, /m)]. (2 6)

III. RESULTS AND DISCUSSION

A. Parameters

The values adopted for the depth D and width m of the
potential well seen by the positron are given in Table I,
along with the positron work function P+, the radius r,
of a sphere containing one electron for the bulk metal,
the binding energy of the trapped positron state Eb, and
screening parameter p.

D and n for the clean aluminium surface is chosen to
make Eb approximately equal to the observed binding

We have used the simpler Eq. (2.4) for P„since the
two definitions are equivalent for P„ less than about 0.3,
which holds in almost all the examples studied here.

The input parameters used in the calculations are pre-
sented in Table I and discussed in Sec. III A.

Our calculations have been done for the lowest bound
state. We are not aware of any experimental evidence
for trapping into higher bound states, perhaps because if
they are only weakly bound the positron would be ther-
mally desorbed and/or unstable to Ps formation.

TABLE I. Values of parameters used in the calcula-
tion —see text for definitions of the parameters.

p+

rs
Eg

p/PTF

Al
5.0 eV
2.5 A

—0.16 eV
1.10 A'
3.02 eV

0.6

W
5.0 eV
2.5 A

—3.0 eV
1.24 A
2.85 eV

0.6

Al+ He
4.34 eV
2.5 A

—1.36 eV
1.10 A'

2.4 eV
0.6

'Gullikson and Mills (Ref. 17).
Chen et al. (Ref. 18).

'Ashcroft and Mermin (Ref. 19).
Assuming a lattice constant of 3.16 A (Ref. 19), body-

centered-cubic structure (Ref. 19), and a valence of 2.

energy for an Al(100) surface, namely 2.80 eV.zo There
are no experimental measurements for E~ for the tung-
sten so we have used the same values for W and D as for
the clean aluminium surface, given that for all the clean
metal surfaces for which Es has been measured, Es lies
between 2 and 3 eV.

The parameters for the surface of a helium bubble (de-
noted Al+He in Table I) are estimated assuming a helium
density of 1 x 10 m . Since there are no experimen-
tal measurements of Eb for the helium bubble surfaces,
we have made estimates that take into account two ef-
fects: (i) the increase in the binding energy of the surface
with respect to the vacuum of 0.6 eV (Ref. 21) and (ii)
the lowering of positron energy outside the metal by
1.2 eV (Refs. 22 and 23) due to the helium. In our model,
we incorporate these changes by decreasing P+ by 1.2 eV
and decreasing D by 0.66 eV relative to clean aluminum.

We have set p to a value below the bulk value pTF to
take into account in an approximate way the fact that the
electron density, at the metal-vacuum boundary, where
the transitions take place, is lower than in the bulk. The
value we have chosen is the same as that used by Neilson,
Nieminen, and Szymanskiis for most of their calculations
and is discussed in that reference. Since there is some
arbitrariness about the value chosen, we have checked
the sensitivity of our results to p, (see Fig. 9 and the
discussion in Sec. III G).

B. Overview of the results

As indicated by Fig. 1, the positron can be trapped on
entering the surface or, once implanted, on returning to
the surface from the bulk. We have examined both these
possibilities in our calculations of v» and P» and our re-
sults are presented in Figs. 2—9. The inset on each panel
indicates whether the positron is trapped before or after
implantation. We have calculated v» and P„assuming
either that two-thirds of E+ comes from motion in the
surface plane (indicated by a diagonal arrow) or that the
positron is moving perpendicular to the surface prior to
trapping. Figures 2 and 3 give the calculated values of v»
for aluminum in two dift'erent energy ranges, Figs. 4 and
5 the corresponding results for P„. Figure 2(d) gives the
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FIG. 2. The transition rate into the surface state v„ for

aluminum as a function of the initial kinetic energy of the
positron, E+. Panels (a), (b), and (c) give results obtained
from the complete model. The direction of motion of the
positron prior to trapping is indicated by the insets: the di-
agonal arrows' indicates that two-thirds of E+ comes from mo-
tion in the surface plane. Panel (d) gives the results obtained
if the contribution I2 to the matrix element is set to zero.
Solid and dashed lines correspond to different conditions on
the final positron energy: E& & E; and E& & 0, respectively.

results where we have set the extra term which we have
found for the matrix element I2 equal to zero. In Fig. 4(d)
we have plotted the probability per encounter for trans-
mission without scattering, So ——p,„, ~

T„~2 /p, b, .'

Our predictions for v„and P„ for tungsten are shown

in Fig. 6. The trapping rates at thermal energies for alu-

Initial energy (eV)

FIG. 4. Probability per surface encounter of trapping into
the surface state P„ for Al [panels (a), (b), and (c)j. The
figure covers the same set of initial and final conditions as
Fig. 2. Panel (d) shows the elastic transmission probability
S0.

minum and tungsten and for voids and helium bubbles
in aluminum are given in Figs. 7 and 8, respectively. Fi-
nally, in Fig. 9, we examine the effects on v„and P„of
varying p.

In the figures the solid and dashed lines correspond
to different maximum values imposed on the final-state
positron energy. Since the final positron energy with re-
spect to the vacuum is

E„+& ——h PII&/2m —Eb,
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energy parallel to the surface for E„& & 0 slow down

sufficiently fast that they are all trapped (solid curve),
and that only the positrons with E„+& & 0 are trapped
(dashed curve). For trapping into a cavity, the condition
E+& ( —P+ has been adopted to ensure that the positron
cannot be scattered back into the metal.

C. Temperature dependence of the sticking
coefticient

All the figures show that the sticking coefficient tends
to zero at low temperatures and our results are consis-
tent with the general result that within first-order per-
turbation theory, the sticking coefficient tends to zero as
(E,)'~2. It is easy to see that with the wave functions we

have used, Eq. (Al'2), that the matrix element must be
zero in the limit p, y; ~ 0. It should be noted that this
result holds for all surface potentials, including the more
realistic ones where the potential seen by the positron
outside the surface varies as 1/z. 4 7

Kong et al. 24 have recently calculated the transition
rate into the surface state mediated by electron-hole
pair excitation within first-order perturbation theory for
positron temperatures of 50—700 K. They found that the
rate is almost constant, although there is a weak linear
dependence. This does not agree with our theory, see
Fig. 7, and we do not have a satisfactory explanation for
t,heir results. It must be emphasized that the reflection
coefficient is unity as the particle energy tends to zero
regardless of the sign of the work function. Hence, if the
positron-surface coupling is weak, the sticking coefficient
will be zero for positive work function surfaces as well as
for negative work function surfaces. Huttunen et al.
find that the Ps yield remains high for the Ag(100) sur-

face even at the lowest attainable temperature of 20 I4

and above that temperature shows no sign of tending to-
wards zero as the temperature is reduced. They suggest
this is due to the fact that this surface has a positive
positron work function, arguing that reflection is less irn-

portant for such surfaces. These measurements are hard
to reconcile with the notion that the sticking coefficient
is zero or unity. For weak positron-surface coupling, the
positron will be reflected back into the bulk and the over-

lap with the tail of the electron density at the surface
where Ps can be formed becomes vanishingly small at
low temperatures so that no Ps should be formed. If,
however, the coupling is strong, all the positrons will be

trapped into the surface state at low temperatures and

so again no Ps should be observed. We believe that a
fresh look must be taken at the measurements for the

Ag(100) and Ag(ill) surfaces which takes these points
into account.

We have also looked at v„and P„ for tungsten which
is widely used as a moderator material. Complications
arising from tungsten being a transition metal, for which
the jellium model is not strictly applicable, have been
ignored to give order of magnitude estimates. This has
the advantage that we can see directly changes in v»
and P» arising simply from changing the positron work
function. Figures 6 and 7 show that the results are similar
to those for Al, except that v» and P» are considerably

less for tungsten. This is a matrix element eA'ect, arising
from the reduced overlap between initial and final states
for tungsten due to the increased height of the potential
step at the surface. Thus we predict strong variations of
v„and P„with P+.

D. Epithermal positrons and branching ratios

The strong dependence of v» and P» on E+ arises
from three effects: (i) the extent to which the positron is
reflected off' the surface (on entering) or into the bulk (on
leaving), (ii) the variation of the matrix element with E+,
and (iii) the phase space available to the trapped positron
and excited electron-hole pair. It is clear by comparing
Figs. 3 and 5 with Fig. 4(d) that the variation of v„
and P» with E+ for E+ less than 2 eV is dominated by
transmission and reflection at the potential well bound-
aries but above this energy the matrix element and phase
space considerations dominate causing a rapid decrease
in the trapping rates and probabilities. The chief diA'er-

ence that inclusion of some initial in-plane momentum
makes to the final results is to change the energy scale
in proportion to the fraction of kinetic energy available
perpendicular to the surface.

Our results may be compared with the branching ra-
tio measurements of Baker, Touat, and Coleman, who
measured the branching ratios for 0—40-eV positrons in-

cident on Cu(110) surfaces at room temperature. The
branching ratios are denoted z,+, zp„and z„, for the
channels of emission as free positrons, Ps formation, and
trapping into the surface (or bulk annihilation), respec-
tively. When making the comparison, one has to consider
both the possibility that positrons from a beam may be
trapped into the surface state before they penetrate the
surface and the possibility that they are trapped after
they disuse back to the sample surface once implanted

(Fig. 1). For implanted positrons, the trapping probabil-
ity depends on the energy distribution of the positrons
that return to the surface. Simulations of positron slow-

ing down at implantation energies in the range 5—50 eV
(Ref. 25) show that the distribution of positrons as a
function of their kinetic energy perpendicular to the sur-
face only depends weakly on the implantation energy in

this energy range. This is due to the fact that the initial
slowing down is extremely rapid and takes place over a
distance of 10 A, implying that the energy distribution
is governed by the positron motion at energies below 5
eV. Thus, since bulk annihilations can be ignored, z„ for
implanted positrons is independent of the implantation
energy and is close to z» for a thermalized positron.

However, for positrons trapped prior to implantation,
E,+. is equal to the implantation energy and there is a
single encounter with the surface so that the trapping
probability is equal to P„(E, ), which is presented in

Fig. 4(c). Our results in Fig. 2(c) show a decrease in

P„(E,+) from about 10% to zero over the range 2—20 eV.
The measurements of Baker, Touat, and Coleman' show

a decrease in z„ from about 0.35 at an implantation en-

ergy of about, 2 eV to 0.25 at an implantation energy
of about 20 eV. This decrease must be due to positrons



POSITRON-SURFACE STICKING RATES 1693

trapped prior to implantation, with a constant contribu-
tion of 0.25 associated with positrons that have entered
the metal and thermalized before returning to the sur-
face. The fact that we can satisfactorily explain the ex-
perimental data gives support to the idea that positrons
do couple weakly to the surface.

Our calculations should be relevant to any experiments
where the possibility of epithermal trapping arises. We
intend to pursue this question by coupling our predic-
tions for trapping rates with predictions of positron slow-

ing down using a Monte Carlo simulation code that has
shown some success in predicting positron implantation
profiles. 2s Note that P» cannot be equated to s» for
implanted positrons. The reason is that the latter is de-
termined by the total probability for the positrons either
to be trapped or to annihilate in the bulk after multiple
encounters with the surface. Hence it is necessary to cal-
culate the probability per surface encounter for positrons
to form Ps and to be reemitted as free positrons as well.

E. Surface resonances

Baker, Touat, and Colemanis suggested that their ob-
served variation in s„with the implantation energy for
clean surfaces at room temperature might be explained
by an analogue to the centrifugal barrier that leads to
trapping resonances for vacancies. We have looked at
the possibility that there might be some variation in the
trapping rate with E+ due to variations in the transmis-
sion coeKcient T, , leading to resonances of the type seen
in simple one-dimensional calculations of transmission of
quantum particles across rectangular wells; see, for ex-

ample, Ref. 27. These resonances are due to matching
of the nodes of the wave function with the well edges.
This possibility can be discounted due to the fact that
the variations in the transmission rate from this effect
are small —see Fig. 4(d)—and are swamped by the vari-
ation with F+ of other factors affecting the matrix ele-
ment. With hindsight, this result is readily understood
from the difFerent symmetry (i.e. , cylindrical rather than
spherical) appropriate to this problem.

The fact that we do not find resonances in our calcula-
tion of v„does not preclude them altogether. Positron
analogues of the electron surface resonances of crystalszs
have been discussed by Jennings and by Jennings and
Neilson. ~s Such resonances would be seen in low-energy
electron diffraction (LEED) and low-energy positron
diffraction (LEPD) in the form of interference features
below the emergence thresholds in the specularly re-
flected beam. As described in Ref. 28, they arise when
the electron (or positron) is temporarily trapped into an
intermediate state in which the total energy of the elec-
tron (or positron) is positive, but the wave function nor-
mal to the surface is the bound state in the image poten-
tial well. The net transition is elastic, unlike the process
studied in this paper which is strongly inelastic, so the
existence of these surface resonances is not inconsistent
with our results.

F. Voids

To explain the experimental measurements on
voids o showing that positrons do annihilate from the
surface state in the voids even for sample tempera-
tures approaching 0 K, we have calculated thermalization
rates using the Boltzmann equation and demonstrated
that the positrons do not fully thermalize before being
trapped. Nonthermal trapping then ensures a finite trap-
ping probability.

Our transition rates at room temperature, 104 ms
(Figs. 2 and 8), are within an order of magnitude of trap-
ping rates deduced from experiment si which gives us
some confidence in the validity of our model, despite un-
certainties over the value of p. In fact, our weak-coupling
model overestimates v». If the coupling were strong,
the predicted transition rate would be even higher, lead-
ing to worse agreement with the experimental values. In
Ref. 31 the positron initial state was approximated by
a plane wave orthogonalized to the bound state which
neglects refiection of the positron off the potential well
at the void surface. Our results show that it is impor-
tant to include this effect to obtain the correct energy
dependence at low energies.

The conclusion that we can draw from Fig. 8, which
compares trapping rates for voids and helium bubbles, is
that trapping rates into the bubbles do depend strongly
on the helium density, nH, . This result is contrary to
assumptions made when interpreting measurements on
samples with helium bubbles. The analysis procedure
widely used assumes that the specific trapping rate de-
pends on the bubble radius but not on nH, . Our re-
sult implies that the dependence on nH, should be taken
into account in cases where the trapping rate is governed

by the transition rate into the bubble rather than diffu-

sion to the bubble, usually true for small bubbles at high
concentrations.

G. Screening efFects

It is useful to see the effect on the results of changing
the screening parameter p. Like Ref. 13, we find that v»
and P„are sensitive to this value, as is clearly shown in
Fig. 9 where v„and P„are shown as a function of en-

ergy. Our results show that v„and P„possess the same
overall dependence on energy regardless of the value of p
but that the maximum values differ by an order of mag-
nitude, consistent with Ref. 13. This result can easily
be understood from the fact that the more strongly the
coupling potential is screened, the weaker it is, signifi-
cantly affecting the matrix element. In order to properly
treat screening effects at the surface one would have to
consider nonlocal positron-electron correlation eR'ects in
a nonhomogeneous electron system.

IV. CONCLUSION

In this paper we have analyzed a number of experi-
ments that look at positron-surface sticking rates within
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a model that assumes that positrons couple weakly to
the surface so that first-order perturbation theory is
valid. Our calculations provide strong arguments that
fresh interpretation is necessary for experimental data
on trapping rates for thermalized positrons into the sur-
face state at low temperatures and provide explanations
for data on epithermal positron trapping at low implan-
tation energies and into voids. We have found that
trapping rates are not afkcted by surface resonances but
that they are sensitive to the positron work function,
and in the case of helium bubbles they are sensitive to
the presence of the helium.

Comparisons of our model with available experimen-
tal data on trapping rates for positrons into the surface
stateso ~o show that the positron-surface coupling must
indeed be weak. This in turn supports our prediction
that v„and P„and hence the positron-surface sticking
coeKcient vanish as the kinetic energy of the positron
goes to zero. So far, there has been no direct observation
of this. We hope that this paper may stimulate further
experiments in this area, particularly with pulsed beams
that can be used to measure positron lifetimes and hence
identify whether the positrons annihilate in the bulk or
at the surface. It would also be of value to take a fresh
look at existing experiments in the light of the predic-
tions that the sticking coefFicient should either be zero or
unity at zero temperature.
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APPENDIX

g, (r ) = g(2/0) exp[ik rll ]g, ,(z ), (Al)

@& (r ) = g(2/0) exp[i(k+ q) rjj ]g,&(z ), (A2)

and

&,'(")= @.';(")exp[ipjj, r+]
(A3)

0+(+) = @.+( ')exp[ipjjy r+]
(A4)

Below, we give a full derivation and expressions for v„
within the assumptions discussed in Sec. II. Within the
jellium model of the surface, the electron and positron
wave functions are given by
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where the subscript jj denotes vectors parallel to the sur-
face.

Using our model, the matrix element is given by

exp it z+ —z—
4 ~(&ji &jib &jj) dz+&.+q'(z+)@.+;(z+) «4, ~'(z )@,;(z )

4vrco 1.4 +qjj+p
(A5)

Using the infinite barrier model for the electrons, with
the barrier at z = 0, d +@+ ( +)@+( +)

and

Q, , (z ) = g(2/I) sin[k, z ]0(—z ) (A6) cos(q, z+ )
X

+qll+P
cos[(2k, + q, )z+]

(2k, + q, )z+
q~~

+ &2

(A9)

&. ( ) = v'(2/L) [(k. + q. ) ]o-(- ) (A7) and

Here 8(z) is the unit step function.
From Eqs. (Al) —(A7), we get after some algebra,

dz+q+~( +)y+ ( +)

x sign(z+) exp( —
q~~~ + pz jz+ j)

where

e~ 16~3. (' +-"") (A8) 1 1

q! + qjj+ ~' (2k. + q. )'+ qtj+
(A10)
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Note that this matrix element differs from the expres-
sion given in Eq. (8) of Ref. 13 (which was also used in
Ref. 14), in that the integration limits prescribed for Ii
are different and there is an additional term Iz. These
differences arise from taking full account of the fact that
the electron wave functions are zero outside the surface
of the metal. In practice the term I2 have little effect on
our numerical results. In our previous results there is a
factor missing, x in Ref. 13 and 2 in Ref. 14.

—P+ for z+ ( 0
P+ (z+) = ~ D—for 0 ( z+ ( m

0 for u &z+.
(A11)

If the positrons are leaving the surface,

Like Ref. 13, we have represented the potential seen by
the positron at a surface as a simple square well,

[exp(ip, q;z+) + Rb exp( ip, q—,z +)]/W ;ifor z+ ( 0
g+(z+) = & [T exp(ip, ;z+) + R exp( —ip, ;z+)]/Wi; for 0 ( z+ ( tu

T„exp(ip, „;z+)/Wi; for m ( z+.
(A12)

Here p, b;, p, ; and p», are, respectively, the initial wave vectors of the positron in the bulk metal, well, and vacuum,
Rq (R ) the reflection amplitudes for the positron in the bulk metal (well), T (T„) the transmission amplitudes for
the positron in the well (vacuum), and Wi; is the normalization constant for @+ (z+),

w(; —1(l+ IRi, l + IT„I ).
If the positrons are entering the surface,

Tq exp(ipse be z+)/ Wei
g+(z+) = ) [T exp(ip, ;z+) + R exp( —ip, ;z+)]/W„

[exp(ip, „;z+) + R„exp(—ip, „;z+)]/ W„.

for z+ &0
for 0(z+ (m
for m& z+,

(A13)

(A14)

where Tg is the transmission coefficient for the positrons in the bulk metal and W„ is the normalization constant for
@+(z+):

w.'; = L,(I + IR.I'+ IT;I').

The final result for the transition rate is

&III kp q,'„ I2v„= Q dpiiiy dk, dq,
' [b 28(62) —E&8(b j )] Ij +—

0 &l)f 2

(A15)

(A16)

where
pii&

is obtained from the conditions E+i & E„+; or

E+i ( 0 (discussed in Sec. III B),
+ 4gll k —k2 1~2.

If the positron is leaving the metal,

(A22)

21 I F2 —I 2 —I~2ll —e2

62+ e2

(A17)

(A 18) and

~' = (2m/&')(E~ + E~.* + Id+ I) pfg—(A23)

R0ll ——

2&Ii
(A19) fAQ 7f0

(A24)

(A20)
If the positron is entering the metal, S'„replaces S'~;
and

q, ( —— a2 —ql2l+ k2 —
2qll k~~ —k2 1~2, (A21) n = (2m/h )(Eg + Ep„) —p(2(~.
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