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Monoenergetic positrons were employed to examine positronium forma-
tion as a function of sample temperature (300 - 1200 K) and incident
energy (0-5 keV) on Ag(2Q0), Ag(lll) and Cu(lll) surfaces with
submonolayer contamination. In these metals at the higher tempera-
tures, positronium formation becomes the dominant process. A one-
dimensional diffusion model is fit to the data as a function of
incident energy. The positroniun fraction is found to be an
activated process and is identified as detrapping from a surface
state and an estimate of the depth of this trap is extracted. The
diffusion length is found to be temperature independent before the
onset of vacancy trapping. At the higher temperatures vacancy
trapping is observed by the decrease in the positron diffusion
length at the higher incident voltages. A vacancy formation energy
is extracted from the data and is generally lower than the accepted
bulk values.

This paper is primarily concerned with the formation of positronium (Ps)
on metallic surfaces at different incident positron energies and sample tem-
peratures. Assuming that the implanted positron becomes thermalized, it
enters into an extended Bloca-like state and does not form Ps in the metal
owing to the high electron density [1,2]. If the positron annihilates in the
metal the dominant decay mode is by tiro y quanta which are emitted at an
angle of approximately IT to each other. In various vacancy and surface-type
traps the annihilation characteristics are modified, but Ps has not been
experimentally observed in those defects.

When positronium does form in vacuum, the statistical weight will pro-
duce three times as much ortho-positronium (3Sj) as parapositronium (1S0).
The 1S 0 state primarily decays into two photons, with the energy of each
photon being very close to t^c2 (511 keV). The 3Sj decays primarily into
three photons with a continuous energy distribution for each of the photons
ranging from approximately 0 to nigC2 [3]. By mpasuring the change in the
ratio of the photo^peak to the continuum, one can detect the formation of Ps.

In the work of Canter et al. [4] Ps was observed to form with high
efficiency, when slow (̂ 10 eV) positrons were focussed on metallic surfaces.
These results demonstrated the importance of surfaces but were performed in vacuum
where the surface condition was unknown. Thus the question as to whether the
formation of Ps was attributable to surface oxides or other contaminants was
left open. This situation was confused by the fact that Ps has not been
definitely observed in voids (internal surfaces) produced by neutron
irradiation [5].
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A.surface trap was predicted by Eodges and Stocc [6] which explained
the lack of Ps in voids but left the results of Canter et al. [4] somewhat
unresolved. In other words the question remained as to whether these sur-
face traps prevent the formation of Ps despite the calculation of a negative
Ps work function in most metals [7],

With the present results we think these questions can be resolved. In
a recent work by Mills utilizing an ultra-high vacuum system he reported that
Ps formation is the dominant process for slow positrons incident on Al, Ge and
Si with submonolayer surface contamination [8]. It was also reported that
there was a temperature dependence of the Ps formation confirming the
findings of Canter et al. [4] Mills [8] associated this Ps formation
with thermalized positrons that diffuse back to the surface, and form Ps in
the surface region.

In the present study we identify the temperature dependence of the Ps
formation to be associated with detrapping from surface traps. We have
extracted the detrapping energy from fits to the data and infer a depth
associated with the surface trap. At the higher tenperatures we observed
saturation and assume this is 100% detrapping fro-a these surface traps in
both Cu and Ag. This saturation has been found in other metals which will
not be reported here.

Similar to Mils [8] we find that the Ps formation persists to high
incident energies and we associate this with surface trapping of thermalized
positrons and subsequent detrapping. At the higher temperatures and high
incident positron energies we observe trapping of positrons at conovacancies.
With a simple model we are able to extract vacancy formation energies in the
near surface region. These extracted energies are sensitive to a range of
fitted voltages but approach the bulk value at the higher incident energies.

Surface contamination has also been found to sariously affect the Ps
fraction at the lower temperatures. The present results indicate that there
is always some fraction of Ps formed even at low temperatures. This is
thought to be attributable to submonolayer contamination and/or surface imper-
fections that modify the depth of the surf ace trap, where the positron detraps.

The slow positron beam is similar in design to that of Canter et al. [A],
but has been modified to ultra-high vacuum conditions. The beam consists of
a series of split solenoids with a 45° bend near the source end. The surface
and source chamber can be isolated by a valve; therefore either end can be
brought to air independently. The entire beam is stainless steel and is
bakeable to 200°C.

An annealed Cu sample is used for the positron converter [9]. This con-
vertor can be ion sputtered and indirectly heated by electron bombardment to
1000°C. The energy resolution of the beam is approximately 500 meV at 20
volts incident energy. In our experiments we have found this Cu convertor
superior to the more standard smoked MgO on Au or Pt [10].

After the beam is accelerated away from the convertor it can be colli-
mated in both x and y directions. A typical beam size is approximately
0.64 cm in diameter. A channeitron can be moved into the beam to check the
positron current before it proceeds through a 10-stage electrostatic accel-
erator. After the accelerator a 97% transmission Cu grid can be inserted
before the sample. This grid is used mainly in positron work function
measurements.

Presently the sample is mounted on a Ta foil which is v?elded to Ta
posts. Two thermocouples behind or on the sample are used to measure the
temperature. All insulators are either protected or removed from the target
area. The sample can be positioned for ion sputtering, LEED and Auger analysis.



The vacuum was monitored throughout the runs and varied depending on the sample
temperature but was typically between S^IO"11 and 5>«10~10 torr.

If the target was directly heated all of the electronics were gated off
when current was flowing through the sample. Indirect heating with electrons
was also used for lower temperatures.

In these experiments either a 7.5 cm x 7.5 cm Kal(Tl) or a Ge(Li) detec-
tor was mounted directly behind the target. 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 Kal(Tl) or
Ge(Li) energy spectrum. The voltage windows en the SCA's, correspond to
80 S AE S 570 keV, 450 S AE S 570 keV and 360 S AE S 450 which represented
the total energy range (Tf), photopeak (Pf) and valley (Vf) for the Kal
detector, respectively. Similar energy windows were set for the Ge(Li)
detector, except for the photopeak (Pf) which was narrower owing to the
improved resolution. A multichannel analyzer was also used to monitor the
energy spectrum during an experimental run.

When the Nal(Tl) detector was implemented we observed a shift toward
lower energies in the peak when large amounts of Ps were produced owing to
the convolution of the detector resolution with the energy distribution of
the emitted gamma rays from the Ps. This effect should be removed when
measuring the red shift produced from the lS 0 Ps emitted from the target
surface and receding from the Ge(Li) detector. If not taken into account this
systematic error will produce a value too high for the emitted Ps energy
distribution.

The Ag and Cu single crystals 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 occurred. The Cu sample
was also baked in H2 gas for 1 week at 650°C to remove sulfur from the bulk.
At high temperatures the sulfur impurities segregate at the surface and
affect the Ps fraction as well as the re-emission of positrons from the sur-
face. Before and after each run an Auger and LEED analysis was performed.
We found approximately 0.01 monolayer of P and C on the Ag and 0.02 monolayer
of S on the Cu sample after the experimental run. Vie did observe a small
hystersis in some runs which we identified to be associated with these impuri-
ties. For example, oxygen on Ag makes the positron work function negative [11]
and increases the Ps fraction.

Following the work of Harder et al. [12] and A. Mills [8] any depen-
dence of the Ps fraction (f) on the beam current can be eliminated by using
the expression:
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f 0'

where R^ = R^ or RQ are ratios corresponding to 100 or 0% Ps formed at the
target, with respect to the total current incident on the target minus the
reflected beam, respectively. The ratios Rg, RQ and R^ are obtained from
expressions of the form Rf = (Tf-Pf)/Pf. To obtain RQ, the curves of Tg
and Pf are extrapolated to high incident positron energy (>20 keV) from
the 100°C data to yield the limiting value TQ and PQ corresponding to 0%
Ps produced. The experimental values for each sample were round separately.
Uncertainties in the extrapolation process for RQ and PQ contribute a ±0.07
systematic error in the positronium fraction. The ratio, R^, is obtained by
using the values of T^ and P^ measured by extrapolation to low-incident
positron energies at the highest temperatures. The corresponding ratios



computed with the valley are Rso and Rgi for 0% and 100% Ps, respectively.
The limiting values for these ratios are obtained by the same method as Rj
and RQ (see Table 1).

The above method has the inherent error that if any of the 3S1, Ps
atoms suffer wall collisions and undergo spin exchange they will decay by
two photons. The size of this factor will be dependent on the energy distri-
bution of the emitted Ps. In our experiment we have tried to minimize this
effect by leaving the target in an open region. Soiae of the positrons may
find a deep trap on Che surface and may not be detrapped at a rate much
faster than the annihilation rate at the surface, thus affecting R]_.

The numerical estimates of these values and those for the valley region
are listed in Table 1. Slightly different window widths wera used therefore
relative comparisons of these extracted values between samples are not
particularly valid. The valley to total ratios are used as a self-consistent
check of the data.

Table 1. The parameters fQ and EQ which extracted from the fits to Eq. (6).
The values of RQ, RX and PJ^/PQ used in eq. (J) are also given.

"SO ° z

Tenp.

900.0
8S0.0
800.0
750.0
700.0
650.0
600.0
550.0
500.0
4S0.0
400.0
350.0
300.0
250.0
2C0.0
100.0
23.0

.63

1
1
1
1
1
1

Ag(lOO) Valley
RS 1-I .79

f0

.3491-117)
.290(.10O)
.193(.O41)
-149(-051)
-130(.O56)
.OIK.044)
.935(.O3O)
,854(.O30)
.808(.O28)
.687(.O24)
.572(.O21)
.474(.O15)
,477(.O12)
.41K.017)
.41O(.OO7)
.399(.O15)
.432(.042)

•"si^so"1-23

E0
1809.2(310.01)
2180.5(350.99)
2804.1(220.40)
2995.6(312.44)
3031.8(353.84)
3917.5(485.18)
4114.9(387.52)
4185.5(435.01)
4057.9(399.51)
4114.5(424.44)
4191.4(453.08)
4662.3(468.09)
5731.1(511.29)
5687.5(729.03)
6591.4(434.41)
4473.5(508.24)
2375.0(525.90)

Tesp.
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

As(lll) Peak
1.75 IS] = 3.06

fO
1.23Q(.O6O)
1.137(.O48)
1.129(.O38)

.S69(.O24)

.871(.022)

.759(.O21)

.636(.O19)

.539(.O11)

.468(.O13)
-426(.O13)
.39K.006)
.373(.O14)
.359(.OO7)
.345(.O13)

Pj/P0- .637

So
2705.1(312.21)
3025.6(301.85)
3379.4(292.94)
4257.2(303.12)
4594.1(342.93)
4857.1(421.30)
5191.9(S03.00)
5052.1(331.47)
4934.3(434.04)
4867.4(462.03)
5375.4(268.65)
5416.7(648.11)
5368.9(345.32)
6182.5(325.74)

T<!=p.

835.0
809.0
750.0
700.0
650.0
550.0
500.0
450.0
409.0
350.0
300.0
250.0
200.0
150.0
100.0

Cu( l l l ) Peak
1.77 E| = 3.02

fo
1.1SM-O40)
1.129(.O32)
1.053(.O33)

.923(.O17)

.S53(.O22)

.S97(.O22)
-665(.O15)
.61O(.O16)
.60H.O12)
.389(.O1O)
.593(.O10)
.5*4(.008)
.S63J.O10)
-556(.Oll)
-534(.OO4)

?l/?0° -679
F-0

3856.3(356.40)
417O.K333.5U
4617.1(423.86)
5327.3(322.69)
5493.9(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)

The diffusion model employed to fit the positronium fraction data was
first used by A. Mills in a similar experimental study [8]. In our deriva-
tion we assume that the surface is an absorbing barrier for positrons and
that positronium is formed as it escapes into the vacuum. The surface con-
centration of positrons is assumed to be zero. The results are of the same
form if we solve the problem in the more general case of a partially
absorbing barrier. This presentation is based on the assumption that low
energy positrons can be treated by a random walk process; this should be
somewhat reasonable owing to the large number of scattering events.



If dj is the contribution to the flux from positrons originally in a
slice of width dx at position x with the surface at x = 0 we find

d (x,t) = * °P(X) exp(-x2/4Ot)exp(-t/T) (2)

where T is the bulk positron lifetime, D is the positron diffusion constant
and Co is the implantation profile at t = 0. Normalizing Co(x) we find
C0(x) = a exp(-ax) where a is inversely related to the mean depth,
After theraalization, the probability of finding the positron (assuming no
trapping) spreads^until annihilation. Substituting in the initial distri-
bution Co(x) and t = Dt, eq. (2) becomes

,21
-x
UtJ

Integrating with respect to x we find 51(0^ the number of positrons
evolved at the surface per unit time, to be

(3)

H<t> = ̂  t - ^ V ^ - A eXp{4[^-a
2]}erfc(at1/2). (4)

By integrating N(t) we can now find the probability that a positron reaches
the surface between t and t + dt and

f
0

where fQ is the Ps fraction at E = 0. If we assume that the mean depth for
low energies is linear in E, a = B/E where B is the proportionality constant
in each material which relates E to the iaean depth. If EQ/B = /5r, one
arrives at Mills [8] expression

(6)

This function has been fitted to the data above 500 eV incident energy
and is represented as full lines in Figure 1. This expression provides
a good representation to the data at the lower temperatures. At the higher
temperatures the fitted curves do not adequately represent the data over the
entire voltage range. The values of EQ also decrease showing the effect of
positron trapping at vacancies. The values of fg and EQ are listed in
Table 1.
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Figure 1. The positronium fraction in Ag(lOO), Ag(lll) and Cu(lll) as
calculated in Eq. (1) as a function of positron incident energy.
The solid lines are the best-fit lines of Eq. (6) through the
data. The fitted v;.li_es are listed in Table 1 where all of the
data points are fitted above 500 eV.



For less than 500 eV incident energy the expression does not provide a
good fit. It is noteworthy that we have found significant variation in the
lower energy data (<500 eV) on various crystals. This is thought to be
attributable to Ps formation with non-thermal positrons. 1'his non-thermal
component of Ps will add an incident energy dependent part when experimentally
measuring the red shift of the 1S 0 stace. One might expect that the larger the
fraction of non-thermal positrons forming Ps, the higher the fraction of excited
state Ps(Ps*) formed. This interpretation is consistent with the findings of
Canter et al. [13] where the absolute number of excited states decreased with
increasing incident energy. They also observed no increase in Ps* as a function
of temperature, even though the Ps fraction changed by a factor of three in Ge
which is consistent with this explanation.

In all three cases, Ag(100), Ag(lll) and Cu(lll), we find that Eg appears
to be temperature independent in the temperature region before positron
trapping at vacancies is observed in agreement with present theories. Some
problems exist in extracting good values for Eg because fg and Eg are
strongly anti-correlated. Therefore small temperature fluctuations in Eg are
within the present error.

By plotting the fitted values of fg versus temperature or the Ps frac-
tion as a function of temperature, one can easily observe that the Ps forma-
tion is temperature activated. We identify this process to be positron
detrapping from surface traps and the subsequent formation of Ps as it
escapes the metal interface. A simple model was used which will be briefly
discussed.

If we assume that all positrons which are detrapped from the
surface state are emitted as Ps, we find f0 = Fen/^gja+T"

1) where Fem is
the probability per unit time that a positron trapped in the surface layer is
emitted as Ps and Tg1 is the probability per unit time that a positron
trapped in the surface layer will annihilate without forming Ps. Impurities
or defects are assumed to produce the constant re-emission observed at the
lower temperatures, FQ, therefore Fem = Fg + v exp(-AE/kT). We now have the
prediction

- = cifl + c2e ) m

0 /•,_,_ -AE/kT-, (/)

(l + ce )
where c^Fo/Cr"1 + Fg),c2 = v/Fg and C3=v/(F0+T"

1 )- It is worth mentioning
that a slight generalization of the model can be made which allows for
positron re-emission observed in negative workfunction materials. The
exprassion is identical with only Ci, C£ and C3 changing values.

We have found that Ag has a positive positron work function so there
are no re-emitted positrons other than a small non-thermal contribution.
In Cu(lll), which has a negative positron work function, we find a signifi-
cant fraction of positrons re-emitted into the vacuum. This fraction is
both incident energy and temperature dependent [14]. Since the targets are
at a negative voltage, the re-emitted slow positrons are converted to Ps.
This will cause a significant overestimation of Fg at the low temperatures
in Cu. At the higher temperatures no correction is necessary as the
re-emission of positrons approaches zero.

We find the activation2energies for Ag(100), Ag(lll) and Cu(lll) to be
0.43±0.1, O.i4±O.l, 0.52ta'.i eV, respectively. The errors listed are estimated
from runs with either Nal or Ge (Li) detectors, or in some cases a different sample.
We find extreme sensitivity to these values depending on the impurities such
as S on Cu(lll). Both impurities and surface conditions reduce the values
obtained for AE.
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Figure 2. Temperature dependence of the positronium fraction at E = 0 (f0).
The fits to these data are given by Eq. (7) with the fitted
parameters listed on the figures. The fitted parameter U shovm
in the figure is equal to xy exp(-Slv/k).

The energy required to take a positron outside of the metal from the
surface trap (Egj) can be calculated from a Born-Haber cycle to be:

E S T = EB + AEA - *e (8)

where $e is the electron work function, E|j = %a.u. = 6.8 eV the Ps ioniza-
tion energy and AEA is the activation energy for detrapping [15]. The elec-
tron work functions for Ag(100), Ag(lll) and Cu(lll) are i.81, 4.75, 4.94 eV,
which give the corresponding depths of the surface traps as 2.42 ±0.1,
2.49±0.1, and 2.38?o-i, respectively. This implicitly assumes that no
dynamical effects occur when ctie Ps fornu. which might involve interaction
with the electron gas.



While the positron is in a surface trap it is not valid to use the cal-
culated Ps work function in a Born-Haber cycle. If this is the correct
explanation then the Ps atoms would be re-emitted at thermal energies
contradicting earlier results [16]. Presently our results are consistent
with this picture, as we have measured a Ps energy distribution of less than
1 eV with 300 eV incident energies at 800aC. One needs to correct for the non-
thermal positrons re-emitted and forming Ps which would also produce a large
anomalous red shift. An experiment to show conclusively that Ps is thermal
when it leaves a solid would prove conclusively that this mechanism is correct.

In an attempt to extract vacancy formation energies from the Ps fraction
one must modify the expression for EQ used in eq. (6). We now assume that
the positrons become trapped at some rate K comparable to the annihilation
rate which shortens their effective diffusion length, giving us

E =—f^ (9)
o A

where tef<: = T + 1/K and K = yc£v. In this expression
exp(-Ejv/kT) where k is the Eoltzmann constant, E^v is the monovacancy for-
mation energy, S^v is the nionovacancy formation entropy, and u is the time-
independent trapping rate (trapping rate per unit concentration of mono-
vacancies) . The initial distribution of positrons is disregarded.

In this model we assume that the positrons are thernalized before
trapping, one type of trap is present, and a temperature independent trapping
rate exists. One would expect to find a temperature dependent trapping rate
for positrons at surfaces, although this has not been presently calculated.
Since for surfaces the wavelength of thermalized positrons is smaller than
the trap length, one would expect the transition probability to be tempera-
ture dependent. At these high temperatures one would suspect this effect to
be negligible in respect to the trapping at monovacancies. Our model simply
becomes

E0 =

where E(G) is EQ before the onset of vacancy trapping. This has the
advantage that the two-state trapping model is not necessary to extract
the formation energy. One problem that does arise is that the fitted
value of Eg is strongly correlated with fg and small differences in the data
produce systematic errors in the fitted values. Presently the values of E^v

are 1.04 eV, 0.9 eV, 0.9±0.2 eV for the Ag(100), Ag(lli) and Cu(lll), which
are all lower than the bulk values. At the higher temperatures we find a
systematic deviation from the diffusion model. This is not presently under-
stood although some of the assumptions in the derivation may be in question.
A few possibilities are: (1) there is a significant variation of the mono-
vacancy formation energy near the surface; (2) the initial distribution of
positrons is important; or (3) possibly pre-thermalized trapping of positrons
at monovacancies or at the surface trap.

We have shown that tne Ps fraction as a function of incident positron
energy and sample temperature fits a one-dimensional diffusion model for both
positive and negative positron workfunction metals. The Ps fraction is shown
to be an activated process and a model is presented to explain the data. At
present this is identified as detrapping from a surface state associated with
clean model surfaces. Estimates have been made of the depths of these sur-
face traps in Cu(lll), Ag(lli) and Ag(100). We have found these trap depths



to be impurity sensitive which decreases the depth of the surface trap.
The Ps formation at the surface is the dominant process.
The effective diffusion length of the positron is shortened and is identified
with vacancy trapping. A simple icodel is proposed for extracting the vacancy
formation energy. Presently the values obtained are below the accepted bulk
vacancy formation energies. Possible reasons for these discrepancies are
discussed.
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