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Slow positrons in metal single crystals. I. Positronium formation at
Ag(100), Ag(111), and Cu(111) surfaces

K. G. Lynn and D. O. Welch
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(Received 13.July 1979)

Monoenergetic positrons, with an incident energy of 0—5 keV, were focused onto Ag(100),
Ag(111), and Cu(111) surfaces with submonolayer contamination, and positronium formation
was studied as a function of sample temperature from 300 to 1200 K. The data were fitted with

a simple positron diffusion model including surface and vacancy trapping, assuming that posi-

tronium is formed only at the surface. The formation of part of the positronium fraction is

found to be a temperature-activated process which is identified as detrapping from a surface

state, and an estimate of the binding energy in this trap is deduced, The diffusion length is

found to be only slightly temperature dependent between room temperature and the onset of
vacancy trapping. At the higher sample temperatures positron trapping at thermally generated
vacancies is observed by the decrease in the positron diffusion length at the higher incident volt-

ages. A vacancy formation energy is extracted from the data and is generally found to be lower

than the values obtained from bulk measurements.

I. INTRODUCTION

The experiments of Canter et al. ,
' Mills, ' and

Lynn' have shown that positronium (Ps) forms with

high efficiency when slow positrons impinge on me-
tallic surfaces. Since it is believed that the electron
density within a metal is too high to permit the for-
mation of Ps, 4 and since Ps has not been positively
observed to form in the presence of vacancies or
even voids produced by neutron irradiation, ' it is rea-
sonable to assume that the observed Ps is formed at
or near the metal surface, rather than internally.

The experiments of Canter et a/. ' were performed
in a vacuum where the surface condition of the sam-

ple was unknown. Thus the question of the role of
surface oxides or other contaminants in the-forma:-
tion of Ps was left unanswered. However Mills, ' util-

izing an ultrahigh-vacuum system, reported that Ps
formation is the dominant process for slow positrons
incident on Al, Ge„and Si with submonolayer surface
contamination and attributed the observed Ps to ther-
malized positrons that diffuse back to the surface and
form Ps in the surface region. The efficiency of Ps
formation was observed to be dependent on tempera-
ture and upon the energy of the implanted posi-
tron. ' ' Recently Lynn" and Mills' have identified
the increase of the Ps fraction with temperature as a

thermally activated process from the surface state.
Mills' also used these extracted activation energies in

a Born-Haber cycle which produced positron surface
binding energies in reasonable agreement with previ-
ous theoretical predictions.

In this paper, we report a study of the formation of
positronium as a function of sample temperature

(300—1200 K) and the energy (0—5 keV) of posi-
trons incident on Ag(100), Ag(111), and Cu(111)
surfaces with submonolayer contamination. The
results are analyzed in the context of a simple diffu-
sion model which includes the effects of positron
trapping by the surface and by thermally generated
vacancies. Surface trap depths and vacancy forma-
tion energies are extracted from the data.

II. EXPERIMENTAL APPARATUS AND METHOD

The slow positron beam is similar in design to that
of Canter et at, ,

' but has been modified to ultrahigh-
vacuum conditions. The beam consists of a series of
split solenoids with a 45' bend near the source end.
The surface and source chambers can be isolated by

an all metal valve; therefore either end of the beam
line can be brought to atmospheric pressure indepen-
dently. The entire beam line is stainless steel and is

bakeable to 200'C. '

Annealed Cu is used for the positron moderator.
This moderator can be ion sputtered and indirectly
heated by electron bombardment to 1000'C. The
energy resolution of the emitted positrons is approxi-
rnately 300 meV at 20 volts incident positron ener'gy.
We confirm the Mills result that this Cu convertor is

superior to the more standard smoked MgO on Au or
Pt. ' In other words the convertor has a high slow
positron efficiency and good long-term stability in

the slow positron yield.
After the beam is accelerated away from the

moderator it can be collimated in both dimensions
perpendicular to the beam axis. The beam diameter
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is approximately 0.64 cm. A channeltron can be
moved into the beam to check the positron current
before it proceeds through a ten-stage electrostatic ac-
celerator. Beyond the accelerator a 97% transmission
Cu grid can be inserted before the sample. (This grid
is used mainly in positron work function measure-
ments. )

The sample target is mounted on a Ta foil which is

spot welded to Ta posts. Two thermocouples behind
or on the sample are used to measure the ternpera-
ture. When the sample temperature was reduced we
found that systematic errors could be produced from
thermal lag of the crystal, especially at the lower tem-
peratures. All insulators are either protected or re-
moved from the target area to reduce electric fields
associated with charging. The sample can be posi-
tioned for ion sputtering, low-energy electron diffrac-
tion (LEED), and retarding field Auger electron
spectroscopy (AES). The LEED and AES systems
utilized standard Varian four-grid LEED optics. A

glancing incidence electron gun as well as the integral
normal incidence gun are available for sample charac-
terization by AES. The vacuum was monitored
throughout the experimental runs and varied with the
sample temperature but was typically between
5 X10 "and 5 X10 ' Torr.

If the target was directly heated all of the electron-
ics were gated off when current was flowing through
the sample. Indirect heating with electrons was also
used for lower temperatures. A full description of
the apparatus will be published elsewhere. "

The Ag and Cu single-crystal samples, approxi-
mately 2.5 cm in diameter, were oriented to 1' using
x-rays. Both samples were annealed before insertion
into the vacuum system and measured again with
x-rays to observe if recrystallization had occurred. The
Cu sample was also baked in H2 gas for 1 week at
650'C to remove sulfur from the bulk. At high tern-
peratures the sulfur impurities segregate at the sur-
face and affect the Ps fraction as well as the reemis-
sion of positrons from the surface. Before and after
each run a retarding field Auger and LEED measure-
ment was performed. We found approximately 0.01
monolayer of P and C on the Ag and 0.10 monolayer
of S on the Cu sample after the experimental run cal-
culated in the manner outlined in Physical Electronic
Industries Handbook of Auger Electron Spectroscopy.
We did observe a small hysteresis in the positronium
fraction for some runs which we associated with
these impurities. For example, oxygen on Ag (Ref. 12)
can produce a negative positron work function, C~
(favorable for reemission of a free positron into the
vacuum).

When Ps forms, the statistical weight will produce
three times as much 0-Ps ('St) as p-Ps ('Sa). The
'So state primarily decays into two photons, with the
energy of each photon being very close to moc' (511
keV). The St (assuming no pickoff annihilation)

decays primarily into three photons with a continuous
energy distribution for each of the photons ranging
from approximately 0 to moc'. " By measuring the
change in the ratio of the photopeak to the total spec-
trum, one can detect the formation of Ps.

In these experiments either a 7.5 x 7.5 cm' Nal(Tl)
or a Ge(Li) detector was mounted directly behind the
target. The NaI(Tl) was coupled to an approximately
36-in. light pipe which removed the photomultiplier
tube from the magnetic field produced by the split
solenoid coils. Water or air cooling was used to keep
the detector at room temperature, Three single-
channel analyzers (SCA) were used to measure the
counting rates in three regions of the NaI(TI) or
Ge(Li) energy spectrum. The voltage windows on
the SCA's, corresponded to 80 ~ E ~ 570 keV,
450 ~ E ~ 570 keV, and 360 ~ F. ~ 450 keV which
represented the total energy range (Tj), photopeak
(Pf), and valley ( Vf) for the NaI detector, respec-
tively. Similar energy windows were set for the
Ge(Li) detector, except for the photopeak (Pf)
which was narrower owing to the improved detector
resolution. The full-width-at-half-maximum
(FWHM) for a 514-keV y-ray in the Ge(Li) detector
was 1.35 keV, whereas the Nal(TI) detector produced
a FWHM as poor as 80 keV„owing to the light pipe
configuration. One could just as easily choose some
other restricted energy range and the equations below
~ould be equally valid, although the statistical uncer-
tainty would be different. For example in choosing
the narrow region in the valley of the spectrum one
gains sensitivity but loses statistical accuracy. A mul-
tichannel analyzer was also used to monitor the ener-

gy spectrum during an experimental run.
With the NaI(Tl) detector we observed a shift to-

ward lower energies in the peak when large amounts
of Ps were produced, owing to the convolution of the
detector resolution with the asymmetric energy distri-
bution of the emitted y-rays from the 'S~. ' With a
computer simulation study" we found that the peak
shift produced by the convolution of the detector
resolution with the 3S~ y-rays did not show any signi-
ficant systematic error in the extracted Ps fraction,
for either detector resolution. However, this sys-
tematic effect s'hould be removed when measuring
the red shift with a Ge(Li) detector produced from
the 'So Ps emitted from the target surface. If not
taken into account this systematic error will produce
an error in the emitted Ps energy distribution.

III. EXPERIM ENTAL RESULTS

To determine the fraction Fof Ps atoms produced
at the surface of the sample we will derive an expres-
sion which follows the work of Marder et al. ' and
has been used by Mills' and Lynn. ' With the small
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magnetic field employed in these experiments (-70
G), the effect of magnetically quenching the M =0
state of o-Ps is very small. ' The M =0 state of the
p-Ps will similarly have an admixture of the o-Ps
state, but since the annihilation rates of these two
states are so different the p-Ps will decay predom-
inantly by two-photon annihilation. '

The total ( Tf) and peak (Pf) regions have been
chosen arbitrarily and are represented by the follow-
ing equations:

Pf = N, (1 —F)gp+ FN, g, + FNpgp

Tf = N, (1 —F)h~+ FN, h, + FNph~

(1a)

(lb)

where the subscript F refers to the fraction of Ps
formed in the target region. The quantities N„N~,
and N, are the number of counts per unit time for
the free-positron-electron annihilations in the metal
or surface trap, the p-Ps annihilations, and o-Ps an-
nihilations, respectively, The quantities g, and h,
are, respectively, the average probability that a y-
photon from the o-Ps decay will be counted in the
peak or in the total energy spectrum. The average
probability that an annihilation y-ray from a p-Ps de-
cay will be counted in the peak region or in the total
part of the energy spectrum is g~ and h~, respectively.
Free-positron-electron annihilations will be assigned
the same average probability as that for p-Ps. These
factors depend upon the spatial distribution of annihi-
lation events, resolution, and efficiency of the detec-
tor system, scattering events which cause degradation
of the annihilation photons and the solid angle sub-
tended by the y-ray detector.

These equations implicitly assume that the same
probability factors are used in all cases. One would

expect a, small difference between F =0 and 1 as the
o-Ps will drift away from the target and change the
spatial distribution of the annihilations. Now by
forming the ratio [Rf= ( Tf Pf)/Pf1, thereby elim--

inating variations in the beam current, between 0 and
100% fraction, substituting Eqs. (la) and (lb) in the
above equation and solving for F we find

'' —I

P7 R) —Rf
Pp Rf —Rp

where the subscripts 0 and 1 correspond to Eqs. (1)
for 0% and 100% Ps formation. To obtain Rp, the
curves of Tf and Pf are extrapolated to high-incident
positron energy ()20 keV) from either the low- or
high-temperature data yielding the limiting values Tp

and Pp corresponding to 0% Ps production. The ex-
perimental values for each sample were deduced
separately. Uncertainties in the extrapolation process
for R p and Pp contribute a +0.10 systematic error in

the positronium fraction. The quoted errors in the
positronium fraction are approximated by the varia-
tions in the extrapolation process for Pp, P~, R p, and

Rsp=2 63
Temp. ('C)

900.0
850.0
800.0
750.0
700,0
650.0
600.0
550.0
500.0
450.0
400.0
350.0
300.0
250.0
200.0
100.0

Ag(100) valley

Rsi =1 79

Fp

1.349(0.»7)
1.290 (0.100)
1.193(0.041)
1.149(0.051)
1,130(0.056)
1.011(0.044)
0.935 (0.030)
0.854 (0.030)
0.808 {0,028)
0.687 (0.024)
0,572 (0.021)
0.474 (0.015)
O.477(O.O12)
0.411 (0.017)
0.410(0.007)
0.399(0.015)

'sl/ 'sp =1 23

Ep

1809.2 (310.01)
2180.5 (350.99)
2804. 1 (220.40)
2999.6 (312,44)
3031.8 (353.84)
3917.5 (485.18)
4114,9(387.52)
4185.5 (435.01)
4057.9 (399.51)
4» 4.5 (424.44)
4191.4 (453.08)
4662.3 (468.09)
S731.1(S11.29)
5687.5 (729.03)
6591,4 (434,41)
4473.5 (500.24)

Rp = 1.75

Temp. ('C)

Ag(»1) peak
3.06

Fp

Pi/Pp =0.687

Ep

800.0
750.0
700.0
600.0
550.0
500.0
450.0
400.0
350,0
300.0
250.0
200.0
150.0
100.0

Rp =1.77

Temp. ('C)

835.0
800.0
750.0
700.0
650.0
550.0
500.0
450.0
400.0
350.0
300.0
250.0
200.0
150.0
100.0

1.230 (0.060)
1.187(0.048)
1,129(O.O38)
0.969(0.024)
0.871(0.022)
0.759(0.021)
0.636(0.019)
0.539(0.011)
0,468 {0.013)
0.426 (0.013)
0.391 (0.006)
0.373 (0,014)
0.359(0.007)
0.34S(O.O13)

Cu(»1) peak

R) =3.02

Fp

1 ~ 181 (0.040)
1.129(0.032)
1.053 (0.033)
0.928 (0.017)
0.853 (0.022)
0.697 (0.022)
0.665 (0.015)
0.610(0.016)
0.601 (0.012)
0.589(0.010)
0.593 (0.010)
o.s64(o.oo8)
0.563 (0.010)
0.556(0.011)
0.534 (0.004)

2705. 1 (312.21)
3025.6 (301.85)
3379.4(292.94)
4257.2 (309.12)
4594. 1 (542.93)
4857. 1 (421.30)
5191.9(503.00)
5052, 1 (331.47)
4934.3 (434.04)
4867.4(462.03)
5375.4 (268.65)
5416.7 (648.» )
5368.9(345.32)
6182.5 {825.74)

P]/Pp =0.679

Ep

3856.3 (356.40)
4170.1 (333.51)
4617.1 (428.86)
5327.3 (322.69)
5498.9{458.12)
6193.2 (672.17)
5930.5 (467.81)
6911.3 (669.34)
6786.0{514.13)
7261.7 (457.64)
6763.9(435.66)
8095.4 (461.27)
7701.0(552.24)
7498. 1 (575.69)
7991.8 (235.90)

TABLE 1. The parameters Fp and Ep which were extracted from
the fits to Eq. (5), The values ot' Rp, R~, and P~/Pp used in Eq.
(2) are also given. The values in parentheses are the error bars.
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FIG. 2. Positronium fraction for Ag(111) is sho~n as a function of the incident positron energy for dif'ferent sample tempera-
tures. Sharp LEED spots were observed before and after the run.
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FIG. 3, Positronium fraction for Cu(111) as a function of the incident positron energy at different sample temperatures. Ap-
proximately 10% 8 and 1.0% P was brought to the surface after the high-temperature run.
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IV. THEORY AND ANALYSIS OF RESULTS

N

raff T +XX/
i 1

(3)

where K; is the probability per second that a freely
diffusing positron is trapped at a defect of species i.
We assume that, once trapped in a vacancy, positrons
have a negligible probability of reemission from the
trapping center, and we assume that positrons which
are in a layer of thickness A. at the surface can be re-
moved from the crystal by emission into the vacuum
as positronium or free positrons, and by trapping and
annihilation at the surface. The boundary condition
at the surface will be determined by competition
between the rate of these removal events and the
rate of scattering and reflection back into the crystal;
we describe this competition by use of the so-called
"radiative boundary condition. "'

In the derivation described in the Appendix we
have used a simple exponential form for the initial
probability distribution of the implanted positron'

Our method of interpreting the data is based on the
following physical picture. The incident positron
quickly thermalizes (&10 '2 sec) and subsequently
diffuses through the lattice until either: (i) it is an-
nihilated in the lattice (i.e., "annihilation in the
bulk" ), (ii) it is trapped by a lattice vacancy and is

eventually annihilated there, or (iii) it reaches the
surface where it is trapped, ' reflected back into the
lattice or emitted into the vacuum. If the positron is

trapped at the surface, it either annihilates there or is

reemitted into the vacuum as positronium.
In connection with a similar experimental study,

Mills' presented a formula for the dependence of the
Ps fraction upon incident positron energy based on
the solution of the one-dimensional diffusion equa-
tion in a semi-infinite crystal with a perfectly absorb-
ing surface which includes annihilation in the bulk.
We present in Appendix A an explicit derivation of a

formula for the incident-energy dependence based on
assumptions similar to, but less restrictive than, those
employed by Mills, and, as did Mills, we describe the
positron motion after thermalization by the diffusion
equation. " In this derivation we account for the
presence of trapping centers such as vacancies by re-

placing the annihilation rate v with an effective an-
nihilation rate

With the assumptions described above, and on the
assumption that monovacancies in thermal equilibri-
um are the only trapping centers present in apprecia-
ble numbers, we find that the positronium fraction
F is given by

F= TFo/ +1E
Ep

where Fp is the branching ratio for positronium for-
mation of the positrons removed through the surface
at E =0 and

Ep—=A(Dr, rr)'

g (Dr) t/2

[1+Tpexp(,Sfi„/k) exp( Ei„/k—T)]'/' (6)

This depends upon the values of the surface removal
rate I, compared with the positron scattering rate,
r ', and the annihilation rate in the interior, r rf [see
Eq. (3)], and on the relative value of the thickness of
the surface region, A, , compared with the positron
mean free path (/).

The dependence upon incident positron energy, E,
of the fraction, F, of positrons reernitted as positroni-
um from Ag(100), Ag(111), and Cu(111) surfaces is
described quite well by Eq. (5) for energies in the
range 500 «E «5000 eV, as may be seen from Figs.
1 3. Ep(T) is a free parameter here and the values
obtained are shown in Figs. 4—6.

5.0

4.Q

Rg( 100] VALLEY

Ep(0]:4 167x]0 eV
U=6 ~ 176xl0

20

p, , S1„,and Et„are the monovacancy specific trapping
rate, formation entropy, and enthalpy, respectively.
T, is a transmission coefficient for the surface which
varies from zero to unity and is given by

(~/(/) ) [(~„., ) (r,.„,) ]'"
1+(~/(/))[(f, r, )(1„r„„)]'/'

Cp(x)=ae /S (4)

where S is the surface area of the crystal and o ' is
the mean depth of implantation. Following Mills, 2

we assume the latter depends linearly on the implan-
tation energy E; i.e., a ' = E/A. Recently Mills and
Murray' have discussed the use of more general im-
plantation profiles, and in a later paper ' we will dis-
cuss the effect of different initial distributions.

400 600 800
TEMPERATURE(K )

1000 1200

FIG. 4. Temperature dependence of Ep for Ag(100). The
solid line represents the best fit of Eq. (6) through the data
points. The fitting parameter Uis equal to r p, exp(S$„/k),
where Ep(0) is the low-temperature value of Ep.
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5.0

Ag ( 111 ) PEAK

Ep( 0 ):5 024xl 0 eV
U=6. 176x]0
El -0 919eV

3 0

2 0-

1.0„00 600 800
TEMPERATURE(K)

1000 1200

The temperature dependence of the effective life-
time of free positrons, ~,[.[., as manifested in the
parameter Fp is quite adequately described by Eq.
(6), as may be seen in Figs. 4—6. The values ob-
tained for Et„of Ag are 1.03 and 0.9 eV from the
(100) and (111) surfaces, respectively. These varia-
tions in Et„most likely provide an estimate of the
systematic errors involved in these measurements.
These values are about 10—20% lower than the
currently accepted bulk value, 1.13 eV." A value of
0.9 +0.2 eV was obtained from the Cu(111) data,
about 30% lower than the bulk value, 1.27 eV, for
El„ in Cu. ' Calibration errors in Rp can affect these
deduced values.

Further discussion of the temperature dependence
of the positroniurn fraction requires explicit con-
sideration of the branching ratio for positronium for-
mation, Fo, which appears in Eq. (5). In the
development of the equation we assume that a posi-
tron diffusing to the surface may be removed from
the interior into the vacuum through the surface, in

general, as either a free positron or as positronium,

FIG. 5. Temperature dependence of Ep for Ag(111). The
solid line represents the best fit of Eq. (6) through the data
points.

or it may be removed from the interior into the sur-
face by trapping. Once trapped at the surface, a posi-
tron may be emitted from the trpp by thermal activa-
tion subsequently forming Ps or may be annihilated
while still in the surface trap. The branching ratio is
obtained from the relative probabilities of these
processes. The emission rate from the interior into
the vacuum is denoted by I, and the rate of trap-
ping by the surface as 1,. Of the emitted positrons,
we assume that a fraction m are emitted as positroni-
um. For a positive positron work function, 4~ (un-
favorable for reemission into the vacuum) m is ex-
pected to be near unity. Furthermore denote the rate
at which trapped positrons are emitted into the vacu-
um by I', „ofwhich a fraction, m„are emitted as
positronium. Finally, 7., is the rate of annihilation
of positrons trapped at the surface. These rates can
be combined in a straightforward manner to yield for
the branching ratio

m rem r, rem. im
Fp= +r,.+r, r,.+r, r, , +~

I', , = v exp( AE/kT)— (9)

then the temperature dependence of the branching
ratio, Fp, becomes

C~ [1 + C2 exp( AE/kT) ]—
[ I + C3 exp( LL E/k T )]—(10)

The first term on the right-hand side is the probabili-

ty of emission as positronium directly from the interi-
or without being trapped prior to emission; the
second term is the probability of positronium forma-
tion by thermally activated emission from the trapped
state.

If we further assume that the only significantly
temperature dependent process of those discussed
above is thermally activated emission from the sur-
face trap and describe the temperature dependence
as:

8.0 Cu( ill] PEAK

Ep(0) =6.826xl0 eV
U=5 .200xlp
E tv=0'946 eV

where

C, =—mr, /(r, +r,),
Cp ———vr, (I+m, r, /mr, )

(1 la)

(I I b)

)6.0 and

C3 =—v7, (11c)

4.0.

Note that the combination of these constants

C C, rem+m r,
c,

=
r,.+r, (12)

2 +
C4pp 600 800

TEMPERATURE(K)
1000 1200

FIG. 6. Temperature dependence of Ep for Cu(111). The
solid line is the best fit of Eq. (6) through the data points.

should be less than or equal to unity since, by their
definition, m and m, are less than or equal to unity.
In this simple analysis v, a frequency factor, is as-
sumed to be temperature independent.

The data shown in Figs. 1—3 were used to extract
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FIG. 7. Values of Fp, obtained by fitting the positronium

fraction data to Eq. (5), are shown as a function of tempera-
ture for Ag(100), The solid line is the best f~t of Eq. (10)
through the data. The parameters shown in the figure are
described by Eqs. (10)—(11c).

values of T,Fa using Eq. (5). The transmission coef-
ficient, T„was assumed to be unity (or strictly

speaking, assumed to be approximately temperature
independent) and the temperature dependence of the
resulting values of Fo were fitted by Eq. (10). The
results are shown in Figs. 7—9, and the fit to the data
provided by Eq. (10) is seen to be quite good. The
activation energy associated with the thermal emis-
sion process was found to be 0.43 +0.1, 0.46+0.1,
and 0.52(+0.2, —0.1) eV for Ag(100), Ag(111), and
Cu(111) surfaces, respectively.

A slightly different way of analyzing the data yields
essentially the same values of the activation energy.
This is illustrated by the behavior of the Ag(100)
data. In the method described above, isothermal data
as a function of energy in the range 50 ~ E & 5000
eV were analyzed to obtain one value of Fp for each
temperature, and the results were fitted with Eq. (10)
to yield a value of 4E Consider now data at constant

incident positron energy analyzed as a function of T.
Such data are shown in Fig. 10. For temperatures
low enough that insufficient vacancies are present to
cause a significant variation of Ep with temperature,
the temperature dependence of F should be dominat-
ed by the activated emission process; based on this
assumption the temperature dependence of F should
be reasonably well described by Eq. (10) with Fo re-
placed by F. The solid curves of Fig. 10 were ob-
tained in this manner, and it can be seen that the
data for T & 1023 K are described quite well by this
means. Each curve obtained at a.particular value of
the incident positron energy E yields a value of AE;
these values are shown as a function of E in Fig. 11.
The values approach 0.45 eV for E less than about
1000 eV in good agreement with a value of 0.43 eV
obtained by fitting the isothermal curves with Eq.
(10). These variations in hE are thought to be asso-
ciated with thermal vacancies, with the effect on the
extracted activation energies more serious at the
higher incident positron energies.

The physical interpretation of the activation energy
AE is made uncertain due to a lack of knowledge of
the mechanism by which positrons are emitted. Mills
has used an interpretation based on a Born-Haber cy-
cle to estimate the binding energy of the surface trap
for positrons for such data The energy required to
remove the positrons from a surface trap to rest at
infinity is the binding energy, EsT. The energy re-
quired to remove an electron from the metal to rest
at infinity is the electron work function 4, . Upon
combining the two to form positronium the binding
energy, 6.8 eV, is released. Thus the energy required
to form positronium at rest far from the metal sur-
face is EsT+ 4, —6.8 eV. This picture ignores in-

teraction with any surface electron states. Mills iden-
tifies this with the activation energy for thermal emis-
sion of positronium. ' However, this must be a lower
limit since it may well be necessary to excite the
trapped positron to a larger energy providing a dis-
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C2=2
Cp-S
chE
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C4
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Qu( 11 t I PEAK

CI =O. 562
C2=5-997x10
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~E=O. 519eV
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100.0 120.0 20.0 40-0 60.0 80 0
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100 0

FIG. 8. Temperature dependence of Fp for Ag(111). The
best fit of Eq. (10) is shown as a solid line.

FIG. 9. Temperature dependence of Fp for Cu(111).
These fitted values are known to be sensitive to S impurities.
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FIG. 10. Fraction of positrons converted to positronium (F) vs temperature at different incident positron energies for
Ag(100). The fitted curves to Eq. (10) are shown as solid lines and include data points to 1023 K, The negative curvature in

the data at the higher sample temperatures and voltages is associated with positron trapping at vacancies.

tance far enough from the surface that the electron
density is sufficiently low4 that positronium can form.
This is illustrated schematically in Fig. 12 where 4~ is
shown to be a positive positron work function
(unfavorable for reemission into the vacuum). '3 The
first mention of a positron surface trap was by Ma-

dansky and Rassetti24 which was later theoretically
formulated by Hodges and Stott" to explain the lack
of positronium formation found in voids in neutron
irradiated metals. Thus, we can say, based on the
Born-Haber cycle that the surface trap depth is less
than a certain value

F.sT ~ DE+6.8 eV —4e

0.8—

0.7—

I

Ag. (100) The values of hE deduced from the data of Figs. 7 —9
together with electron work function values of 4.81,
4.75, and 4.85 eV (Ref. 26) yield maximum trap

SURFACE
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" 0.6-
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"—positron energy
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I I I I I

IOOO 2000 5000 4000 5000
POSITRON ENERGY (eV)

i troniura energy

FIG, 11. Values of an effective b, E [Eq. (10)] are shown
as a function of incident positron energy for Ag(100). The
values of AE were obtained from the fits shown in Fig. 10.
The solid line is shown as a guide.

FIG. 12. Relationship between the activation energy for
positronium emission, AEI;„, and the actual activation ener-

gy, 4E,«, is based on the &orn-Haber cycle, and 4z, 4, are
the positron and electron work functions, respectively.
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depths of 2.42 +0.1, 2.49 +0.1, and 2.38(+0.2, —0.1)
eV for Ag(100), . Ag(111), and Cu(1 1 1) surfaces,
respectively.

V. CONCLUSIONS

We have shown on clean surfaces of Cu and Ag
that the measured positronium fraction is ternpera-
ture and incident-energy dependent. A general one-
dimensional diffusion model has been presented and
compared to the data for both positive and negative
positron work function metals. A good agreement
between the theory and the data is obtained with the
simple model. The presence of internal traps has
been included in the diffusion model by using an ef-
fective annihilation time. By employing this model
we find that vacancy formation energies can be ex-
tracted from the data. The formation energies ob-
tained from the fits to the data are below the accept-
ed bulk vacancy formation energies.

The positronium fraction has been found to be
strongly temperature dependent in both positive and
negative positron work function metals. This tem-
perature dependence is identified with thermally ac-
tivated emission from a surface trap. The model
presented describes the data well and an activation
energy associated with this thermal emission process
was extracted from the data. A lower limit is de-
duced for the depth of this surface trap by utilizing a
Born-Haber cycle. The exact process or branching ra-
tio of positronium emission from clean metal sur-
faces still remains uncertain and is presently under
investigation. A detailed understanding of the posi-
tronium yield and the possible implications for slow
positron emission, low-energy positron reflection, and
the positron work function await further experimental
and theoretical developments.
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APPENDIX: THE POSITRONIUM FRACTION
PRODUCED BY A TRAP-CONTAINING

CRYSTAL WITH A PARTIALLY
REFLECTING BOUNDARY

In connection with a similar experimental study,
Mills' presented a formula for the dependence of the

Ps fraction upon incident positron energy based on
the solution of the one-dimensional diffusion equa-
tion in a semi-infinite crystal with a perfectly absorb-
ing surface and which includes annihilation in the
bulk. We present here an explicit derivation of a for-
mula for the incident-energy dependence based on
assumptions similar to, but less restrictive than, those
employed by Mills, ' and, as did Mills, we describe
the positron motion after thermalization by the diffu-
sion equation. "

If W( r, t; r ) d r is the probability that a positron,
at r when t =0, will have diffused into the volume
dr at r after a time t and Co(r) is the initial prob-
ability density for the positron, then the probability
density evolves with time as

C(r, t) =„Co(r)W(r, t;r) dr (Al)

By Fick's law, t' he flux of probability at the point r

at time tis

(A3)

~here ~ ' is the probability per second that a freely
diffusing positron will be annihilated. The form of
the fundamental solution W'depends upon the bound-
ary conditions. There are two factors which deter-
mine the boundary conditions in this problem: the
existence of the free surface and the existence of
trapping centers, such as vacancies, in the crystal in-
terior. We shall account for the latter effect approxi-
mately by using an effective annihilation rate, rather
than, more correctly, through the boundary condi-
tions. That is, we account for the presence of inter-
nal traps by replacing the annihilation rate, ~ ', by an
effective annihilation rate

(A4)

where K; is the probability per second that a freely
diffusing positron, is trapped at a trap of species i.
The use of an effective annihilation rate should be a
good approximation for trapping if the intertrap spac-
ing is small compared with the scale of the spatial
variation of the initial positron probability distribution
and for times large compared with an initial transient
of duration —ro /D, where ro is the capture radius of
the trap. " Furthermore, we assume that, once

J(r, t) = D'7C(r—, t)

D„I Co( —r ) '7 W( r, t; r ) d r, (A2)

~here the gradient under the integral is taken with
respect to the variable r, and D is the positron diffu-
sion coefficient. The probability function H is the
fundamental solution of the diffusion equation start-
ing with a 6 function, modified to include the disap-
pearance of positrons by annihilation
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trapped, positrons have a negligible probability of
reemission out of the vacancy. No detrapping out of
vacancies has been observed in bulk positron mea-
surements for either Ag or Cu.

Consider now the effect of the free surface on the
boundary condition for Eq. (A3). We shall assume
that positrons which are in a layer of thickness A. at
the surface can be removed from the crystal by emis-
sion into vacuum as positronium or free positrons,
and by trapping and annihilation at the surface. Let
the total rate of these "removal" processes be denoted
by I",. The boundary condition at the surface will be
determined by a competition between the removal
rates of these processes and the rate of scattering and
reflection back into the crystal. Problems of a similar
nature arise in radiative heat transfer, "chemical
kinetics, "and loss of moisture from media by sur-
face evaporation. " In such cases, an approximate

) c(o,t)r, =~j(o, t)~ . (AS)

With Eqs. (Al) and (A2) and the assumption that
the initial probability density Co(x) is a function only
of x, as is the case in these experiments, one obtains
the radiative boundary condition

' =
J~ Co(x) dx J Co(x) W(o, t;x) dx

(A6)

A form for W which satisfies Eq. (A3) with r re-
placed by 7.,ff is

solution has been obtained by adjusting the boundary
condition so that the rate of removal from the sur-
face just balances the rate of supply by the diffusive
flux; in our case such a "radiative" boundary condi-
tion" becomes (for a surface at x =0)

1

I (x —x')'
W(x't;x) =, ,t exp — + Q exp- (x+x')'

4Dt

t 't

—I
exp

)
Yeff

(A7)

The "boundary condition parameter" Q varies with
time so as to satisfy Eq. (A6). When Q =+I, Wis
correct for a perfectly reflecting boundary, ' i.e.,
when )I„/D 0, w. hile for Q = —I, W corresponds
to a perfectly absorbing boundary, i.e. , when
)t.r, /D ~ ~.

This approach yields a formal solution which can
numerically be evaluated for any initial probability
density Co(x). At any chosen time W(x', t;x) as
given by Eq. (A7) is inserted in Eq. (A6), and after
evaluation of the integrals, the resulting equation is
solved for Q, which is then inserted in Eq. (A7) to
yield W(x', t;x) appropriate to that time. The
number of positrons being removed from the surface
layer per sec per unit area at that time is given by

W(t) =) r„J C, (x) W(O, (;x) dx (Ag)

Co(x) = ne "/S (A9)

where n ' is the mean depth of implantation and S is
the surface area of the crystal. A derivation with dif-
ferent initial distributions will be presented in a later
paper. 2' With this form of Co(x), Eqs. (A6) and
(A7) yield for the boundary condition parameter

I —z(t)(1+ Zr, /aD)
t

I —z ( t) ( I —~r„/aD )
(A 1oa)

This process is then repeated for each desired value
of the time.

An approximate derivation of a closed-form solu-
tion to this problem, which becomes exact in the lim-
it of a perfectly absorbing or perfectly reflecting sur-
face, can be obtained as follows. First an explicit ex-
pression for the initial positron distribution is re-
quired; this we take to be given by'

I

where

z(t) = Jmn(Dt)' 'exp(a'Dt) erfc[a(Dt)' ']

(A lob)

z depends on time through the dimensionless variable
n(Dt)'tz and ranges between zero and unity. We ob-
tain the desired approximate solution by using an
average value for z in Eq. (Aloa) to obtain a time-
independent boundary condition parameter Q. We
have chosen to average z by a weighted integral aver-
age over the dimensionless variable n(Dt) 't', with a

plausible weighting factor being the probability decay
factor exp( t/r, (()—

exp( t/r, «)z [a(—Dt) ' ']d [n(Dt)' ']
(z) =

exp( t/r, „„)d [n(D—t) 't']

a(D r,(() 't'

I + n ( D r,(() 't' (All)

Thus (z) depends upon the relative values of the
mean implant depth o. ', and the mean diffusion
length, (Dr, (()' . The only justification for using
this approximation is that it yields the exact solution
for the surface behaving as a perfect absorber or as a

perfect reflector of positrons. Thus we expect the ap-
proximation to be reasonably good for intermediate
cases. Recent work by Mills and Murray' and by
Jorch et al. " has shown that the positronium fraction
obtained by this approximation is, in fact, exact.

Combining Eqs. (A7) —(Al I) yields the probability
per second per unit area N(t) [Eq. (Ag)] that the im-

planted positron is removed from the crystal at the
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surface by either emission or annihilation (rather
than by annihilation in the crystal interior); integrat-
ing N(t) over all time and multiplying by the surface
area of the crystal yields the probability P that the
positron is removed through the crystal surface rather
than annihilating in the crystal interior

and ~, is the mean time between scatterings. The
factor T, is a "transmission coefficient" for the partial-
ly reflecting boundary. The positronium fraction, F,
is obtained by multiplying the probability P by the
branching ratio, Fo, for positronium formation of the
positrons which are removed through the surface:

T„F,n(Dr, r,)' '
F = PFO=

[ I + a ( D r,„r) '~'] (AI3)

n( D r, rr)
'~'

"
I + a(D r,r„) '~' (AI2)

where in the first term (in large parentheses) the
positron diffusion coefficient was replaced by
(r)'/r„where (I) is the positron mean free path

If r, rr is obtained from Eq. (A4) by assuming that the
only trapping centers present in appreciable numbers
are monovacancies present in thermal equilibrium
and if it is assumed' that the mean implant depth o. '

varies linearly with the energy E of the incident posi-
tron, a ' = F/A, then one obtains the expressions for
the positron fraction given in Sec. IV Eqs. (5) —(7).
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