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Positronium desorption of positrons bound to alkali-metal-covered Ni surfaces
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Both positrons and electrons can be bound to metal surfaces by image-correlation interactions.
For electrons, the image potential dominates, preventing the electron from escaping into vacuum.
For positrons, a consistent picture of the trapping process has not been developed. %'e investigate
the efFect of alkali-metal-atom adsorption on the binding of positrons to Ni surfaces. Thermal
desorption of positronium is observed for temperatures down to 32S K and cryogenic desorption is
predicted. The slow variation of the activation energy for positronium desorption with alkali-
metal-atom coverage indicates that correlation efFects dominate the positron surface state. The
physical picture considered is that of a composite particle trapped in a correlation well of the
screened positron with the well eventually joined to the 1s positronium bound state.

I. INTRODUCTION

Thermal positrons diffusing back to the surface are
trapped in surface states on a number of metals. This
surface trapping was first deduced from the observation
that the positron could be thermally desorbed from the
surface at elevated temperatures as a bound electron-
positron pair, positronium. Such desorption as posi-
tronium (Ps) is energetically favored over bare positron
desorption because the Ps binding energy gained in
capturing an electron (6.8 eV) is larger than the electron
work function, ((), in metals. Experimentally it is found
that as the sample temperature increases the tempera-
ture activated Ps component becomes comparable to the
temperature independent "direct" channel. This dou-
bling of the Ps formation fraction results in 60-100% of
the positrons diffusing back to the surface being emitted
as Ps. Analysis of the temperature-dependent com-
ponent permits an accurate determination of the activa-
tion energy, E„for the Ps desorption process. Utilizing
the Born-Haber cycle,

E, =(b +Et, —6.8 eV,

the binding energy, El„ofa bure positron bound to a sur-
face has been deduced for a number of metal sur-
faces. Typical values of Eb are 2-3 eV.

These deduced binding energies are certainly too large
to be understood as a bare positron trapped on the vacu-
um side by an image potential and on the crystal side by
a hard wall. The expected binding energies in such an
image well form a Rydberg-like series,

E„=(0.85 eV)/(n +a), n =1,2. . . ,

with u =0. Indeed, the extrinsic electron surface states
b1nd1ng energ1es are measured to be 40.85 eV, ln quan-
t1tative agreement with this image potential model.

The lack of correspondence between the positron and

electron surface states indicates a more subtle origin for
the positron states than the image potential which pro-
duces the relatively simple Rydberg-like spectrum of ex-
trinsic electron surface states. This fact was recog-
nized ' even before the surface bound positrons were
observed in desorption experiments. The effect of
electron-positron correlation close to the metal surface
was incorporated in the theory to provide a broader
"image-correlation" well with higher binding energies,
Eb. The measured values of Eb are in quite reasonable
agreement with the calculated results. ' ' Recent ex-
periments have investigated the positron lifetime in sur-
face states, ' and the angular correlation of the y rays
produced by the positron-electron annihilation at the
surface. ' These results are not consistent with predic-
tions ' based on the image-correlation well models.

Recently, Platzman and Tzoar have proposed an alter-
native model of these states viewing them as Ps, a highly
correlated positron and electron, physisorbed to a metal
surface by the van der Waals interaction. ' The width of
the truncated van der %aals well is empirically selected
to produce a Ps binding energy in the weH [E, in Eq. (1)]
that is consistent with the measurements. The positron
lifetime predicted by this work is in good agreement
with the measured values, ' and results reported in the
present paper (preliminary results were reported in brief
form in a conference proceeding' ) were noted to be in
qualitative agreement. This model was not, however,
able to reproduce the observed angular correlation. '

And, while it is a valuable model, the ability to extend
the van der Waals model to quantitatively treat the
positron-surface interaction within several A of the sur-
face is questionable. A central element to such a treat-
ment is a constant promotion energy (the energy
difference between the ls and 2p binding energies of Ps).
I owy and Jackson have shown' however that the ls
state merges with the continuum (and hence the pro-
motion energy vanishes) at electron densities found as
far as several A outside a metal surface. Other theoreti-
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cal treatments have been developed' but they are
suSciently complex to prevent ready comparison with
the present experiments. In short, there is no clear con-
sensus as to the nature of these positron/Ps surface
states.

In order to clarify the character of the positron sur-
face states we have systematically investigated the
dependence of E, [and hence Eb in Eq. (1)] on a wide

range of electron work function values, P, by deposit-
ing submonolayer amounts of an alkali metal on Ni sin-

gle crystals. Specifically, we have investigated the for-
mation of Ps for deposits of Li, Na, K, or Cs on Ni(100),
and Cs on Ni(110) for a range of substrate temperatures
using a low-energy spin-polarized beam of positrons.

Two reasons motivated the selection of simple metal
adsorbates: First, if we naively assume Eb is universally
2 —3 eV, then inspection of the Born-Haber cycle sug-
gests that E, should depend sensitively on P . Reduc-
tion of P by several eV occurs on Ni at coverages of a
fraction of a monolayer of the alkali metals. The atten-
dant reduction in E, from typically 0.5 eV to nearly zero
should require no more than 0.1 monolayer coverage
and wou1d provide the 5rst cryogenic source of Ps with
kinetic energies corresponding to room temperature or
below. ' (Such a source would be useful in a number of
Ps lifetime and spectroscopy experiments. ) Second,
there has been no systematic investigation of positron
trapping and Ps formation on the simple metals. The al-
kalis are unique because of their low P and high pre-
dicted positron work function (P+ -5 eV). As a result
it is expected that no positron surface state exists on the
alkali metals. 22 However, in this work we demonstrate
that Ps desorbs from the alkali covered Ni surface, mea-
sure its activation energy„E„and Ps desorption kinetic
energy. And while E, can be lowered by the requisite
0.5 eV to nearly zero, it is surprising that a half-
monolayer alkali coverage with an attendant decrease of
3-3.5 eV in P is required. We deduce from Eq. (1)
that E&=-5 eV for this surface, nearly twice as large as
any previously reported value of Eb. This result is
diflicult to reconcile with the image-correlation well
model,

The unexpectedly large binding energy E& for the pos-
itron surface states and the insensitivity of E, to changes
in the electron work function are intertwined. Together
they suggest a needed reevaluation' ' of the physical
picture of the positron/Ps surface state. In order to pro-
vide a simple framework for interpreting our experimen-
tal results we adapt the effective medium theory of
Ndrskov and Lang applied to the positron (i.e., the
Ps+ ion) in lowest order. Although calculated only «
lowest order, our development is virtually free of empiri-
cally chosen parameters. The central ideas of our treat-
ment are (1) Ps desorbs as a neutral —this is the physical
channel, the image potential at long range is irrelevant
to the trapping potential, (2) the stabilization energy of
Ps 1S given by the positron-electron correlation energy
as calculated by Bhattacharyya and Singwi.

The above assumptions lead to a model that can be
physically pictured as intermediate between the limiting

cases of the single channel models (positron trapping
versus Ps trapping}. We model the trapped particle as a
highly correlated positron and electron. Near the sur-
face the positron has a screening cloud composed of
electron states from the metal. As the positron moves
away from the surface this screening cloud is slowly re-
placed by the Ps 1s state. Solutions of the Schrodinger
equation for the composite model potential provide the
binding energy of the particle. Finally, the polarization
of the correlated positron and electron produced by the
dipole field in the surface region is considered.

Though this development is different, the character of
the surface state —a screened, polarized composite
particle —is similar to the result obtained by Cuthbert
using a hydrodynamic model in which short-range corre-
lation is included by the introduction of a single distin-
guishable electron. The advantage of the present ap-
proach for us is its physical simplicity which permits
ready comparison to the experimental results. As will be
seen in the 5nal section, the relatively good agreement
found in this lowest-order approach warrants a more
serious treatment with the inclusion of higher-order
terms.

In the next section experimental techniques will be
discussed. Subsequent sections will present the following
results: Ps thermal desorption curves, measurements of
the kinetic energy of the desorbed Ps, and isotherms of
Ps formation versus alkali coverage. In the concluding
section the results are analyzed and a ~odel of the posi-
tron surface state is developed. An Appendix discusses
the eN'ect of alkali-metal-atom adsorption on the spin po-
larization of the Ni surface.

II. EXPERIMENTAI. APPARATUS

The low-energy (and spin-polarized) positron beam has
been previously described. ' The positrons with ener-

gy Axed at 900 eV are electrostatically focused onto the
Ni sample (see Fig. 1}. The sample is held in a C-shaped
electromagnet that is used to magnetically saturate the
Ni in the spin polarized experiments (see Appendix).
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FIG. 1. Schematic diagram of the experimental arrangement
showing the electrostatic lenses, Ps cavity, sample holder, y
detector, and channel electron multiplier (CEM).
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The rate of electron capture to form triplet (long-lived}
Ps is measured using either lifetime or y-ray pulse-
height techniques. Lifetime spectra are acquired using a
conventional time-to-amplitude converter/multichannel
analyzer system. Start and stop signals are derived from
the detection of secondary electrons in a channeltron
(CEM) ejected by the incident 900 eV positron and the
subsequent detection of an annihilation y ray in the Nal
scintillator, respectively. The Ps formation fraction, f,
is determined from the ratio of the long-lived events (be-
tween 30 and 405 ns) and the total number of events in
the background-corrected lifetime spectrum. In a 5
min run f can be measured to a statistical accuracy of
about 0.5%. There is an overall systematic error of 5%
in determining f from the ratio of counts in the lifetime
spectrum. As an alternative to the lifetime technique, f
could be measured by analyzing the pulse-height spec-
trum from the NaI y-ray detector. Decay of triplet Ps
into 3 y rays can be observed as a sizable increase in the
511 keV Compton valley-to-511 keV peak counting
rate ratio (see Refs. 25 and 26 for further details). This
pulse-height technique was used for several runs at high
sample temperature ( ~300'C) at which thermally gen-
erated noise rates in the CEM were too high for the tim-
ing system.

The uhv target chamber is equipped with a double-
pass cylindrical mirror analyzer for Auger electron spec-
troscopy and four-grid I.EED optics for low-energy elec-
tron difFraction. The Ni(110) and Ni(100} samples were
cleaned by repeated cycles of 2-keV Ar ion bombard-
ment, annealing to 900'C, and flash desorption of oxy-
gen at 600'C. On the Ni(100) surface we exposed the
heated sample to just enough oxygen to remove the car-
bon Auger peak by monitoring both peaks during oxy-
gen dosing. No appreciable contaminants were then ob-
served in the Auger spectra acquired at room tempera-
ture.

An externally heated Knudsen cell was used for high-
purity Cs evaporation while resistively heated alkali
getters were used to evaporate K, Na, and Li. Coverage
is determined by measuring the Cs (563 eV), K(250 eV),
or Na (990 eV) Auger peak-to-Ni (848 eV) peak ratio.
An estimate of the Auger ratio corresponding to one
physical monolayer is determined using electron mean
free paths calculated by Penn. To determine the Li
coverage we monitored the attenuation of the Ni (102
eV) Auger peak during Li depositions. As a result the
Li coverage is much more susceptible to systematic error
than the other coverage determinations. Additional evi-
dence helped to corroborate our coverage calibration for
some of the alkalis. The Cs and K surfaces at 50 C ap-
pear to form only one monolayer (the second layer be-
ing inhibited by the high vapor prcssure of Cs and K)
and thus a consistent upper limit in the Cs and K Auger
peaks is observed. Na on Ni(100} forms a c(2X2) struc-
ture at one physical monolayer * and this LEED pat-
tern was clearly evident. In addition, slight heating (to
90'C) of high Na coverage surfaces always produced an
Auger ratio near 0.042 along with the c (2X2) structure,
indicating desorption of all but the 6rst monolayer. Fi-
nally, for ail four alkalis on Ni(100) the change in the
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FIG. 2. Temperature dependence of the Ps fraction, f, at
several Cs coverages indicated by the measured ratios of the Cs
563 eV Auger peak to the Ni 848 eV peak (8=1 corresponds
to 0.15). The solid line is a fit to the thermal desorption theory
[see text, Eq. (3)].

electron work function, b P, is measured at the same
coverage at which Ps formation is measured. The
LEED electron gun is used to measure hP and in each
case the b,P versus coverage curves are in excellent
agreement with previous determinations.

III. THERMAL DESORPTION OF POSITROMUM

).0

Ni (100) + Na
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FIG. 3. Temperature dependence of the Ps fraction, f, at
several Na coverages indicated by the measured ratios of the
Na 990 eV Auger peak to the Ni 848 eV peak, as in Fig. 2
(e= 1 corresponds to 0.042). The solid lines are fits to Eq. {3}.

To determine the kinetic parameters of the positron
surface states we measured the Ps formation fraction f
as a function of substrate temperatures for various Cs
coverages on Ni(110) and Na coverages on Ni(100}.
These data, shown in Figs. 2 and 3, clearly indicate that
a thermally activated, coverage dependent process is re-
sponsible for the increase in f. A single desorption
curve (not shown) was also acquired for Cs on Ni(100)
and K on Ni(100) as a check for consistency. These
data, acquired using the lifetime technique, are limited
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to a maximum substrate temperature of about 300'C by
noise in the CEM start signal. To clearly demonstrate
the desorption processes involved we acquired data over
an extended temperature range using the pulse-height
technique. As shown in Fig. 4, it can be seen that
roughly 0.3 monolayers of Cs on Ni(110) reduces the
temperature (presumably by reduction of E, ) at which
Ps thermal desorption occurs by about 500'C. As the
Cs desorbs from the surface between 400'C and 600'C,
f drops as E, increases back to the clean surface value.
The Ps fraction then begins to rise again as thermal
desorption from the clean surface is activated. Ps
desorption from clean Ni(100) has previously been ob-
served to occur at about 900'C, in reasonable agree-
ment with our observations on the Ni(110) surface.

%e now turn to a more quantitative treatment of the
thermal desorption data presented in Figs. 2 and 3. It is—E /kT
assumed that the Ps desorption rate is ve ' and
thus the temperature-dependent Ps formation fraction is
expected to be'

f ( T) =f (0)+[f( oo ) —f (0)][1+(k/v)e ' ] (3)

0.7-

where A, is the decay rate of the positron in the surface
state and f(0) and f(oo) are the low- and high-
temperature limits off (T). The desorption spectra were
fitted to Eq. (3) and the resulting curve is shown as the
solid line in these figures. The X of the fits ranged uni-
formly from 2-14 for seven or eight degrees of freedom.
%e have taken the exponential prefactor to be a
temperature-independent constant. It is actually expect-
ed that v should follow a power-law dependence on T
with the exponent determined by the dimensionality of
the surface well. However, re5tting the data with T
and T ~ functions for v failed to distinguish a preferred
exponent.

The fitted values of E„f (0), and f(oo) for Cs on
Ni(110) are shown in Fig. 5 along with the correspond-
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ing values for Na on Ni(100). We note that f(oo) is
nearly constant with coverage indicating a complete con-
version of positrons to Ps. Consistent with a slight in-
crease in direct (temperature independent) Ps formation
with increasing coverage, f (0) increases as will also be
shown in Sec. V. The fitted values of A, /v varied ran-
domly from 5X10 ' to 5X10 and thus, with no ap-
parent trend evident in this parameter, we refit the data
with average values of (1/v)=2X10 and 4X10 for
the Na and Cs data, respectively. This tends to smooth
the E, results somewhat, which are seen in the figure to
uniformly decrease with coverage. Linearly extrapolat-
ing E, to zero coverage yields 0.84+0. 1 eV for Ni(110)
and 0.6420. 1 eV for Ni(100). The agreement of the
Ni(100) intercept with a previous measurement of E,
for clean Ni(100) tends to support a roughly linear
dependence on E, with alkali coverage. At higher cov-
erages our inability to cool the sample prevented us from
measuring E, directly for 8 & 0.5. However, assuming
the linear extrapolation of E, shown in the 6gure we es-
timate that spontaneous Ps desorption (E, =0) would
occur at 8=0.7 for Cs on Ni(110) and 6=0.9 for Na
on Ni(100). Thus on a cooled cesiated surface, the range
0.5 ~8 g0.7 should be suitable for producing "cryogen-
ic" Ps, i.e., Ps with an average kinetic energy corre-
sponding to room temperature or below. The implica-
tions of these results will be considered in greater detail
in Sec. V.

FIG. 5. Fitted parameters from the desorption equation [Eq.
(3)] for Cs on Ni(110) and Na on Ni(100) for diB'erent alkali-
metal-Ni Auger ratios. Note the nearly linear dependence of
E, with the Auger ratio.
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FIG. 4. Temperature dependence of the Ps fraction, f, over
an extended temperature range using the pulse-height tech-
nique. The Cs-to-Ni Auger ratio at the beginning of the tern-
perature ramp corresponds to about one-third of a monolayer.
In sequence the data show the room-temperature desorption of
Ps from the cesiated surface, the desorption of Cs which in-
creases E„andAnally desorption of Ps from the clean Ni sur-
face above 650'C.

IV. KINETIC ENERGY GF DESGRPTIQN

As a check that cesiated Ni is a source of low energy
Ps, we have indirectly measured the average kinetic en-
ergy of the desorbed Ps. %e anticipate ' the thermally
desorbed component of the triplet Ps fraction to have a
thermal energy distribution characteristic of the desorp-
tion temperature (e.g., about 0.06 eV at 200'C). The
average Ps emission energy can be deduced from the in-
crease in the measured decay rate in the annihilation
lifetime spectrum, ko, by noting that the value of A,o is
expected to be
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where A, is the vacuum decay rate (7.05 p, sec ') of triplet
Ps and U is the average Ps velocity. The parameter y is
a geometry-dependent constant that accounts for the col-
lisional quenching of Ps at the surface of the stainless-
steel lenses (see Fig. 1}as well as the disappearance of Ps
from the viewing region of the y-ray detector. %'e as-
sume that the characteristic energy of Ps directly emit-
ted from a clean Ni(110) surface is roughly equal to
—Pp, (about 3 eV} (Ref. 33) and that this produces the
observed increase in the measured decay rate from the
vacuum value to approximately 10.2 @sec '. The an-
nihilation decay rate of thermally desorbed Ps may be
obtained by subtracting suitably normalized high- and
low-temperature spectra acquired at the same Cs cover-
age. With the l-in. -long and l-in. -diameter stainless-
steel conftnement cavity used, we measured A.o=10.2
Iusec ' when the sample is below the desorption temper-
ature TD. Heating the target above Tz and subtracting
spectra produced a difference spectrum in which the ex-
istence of a single exponential with )L,II=7.2+0.2 p,sec
(I.e., almost no colllsIOIlal quenching OI' disappearance) Is

taken as evidence of thermal energy Ps being emitted
from the surface. Using the above data for Cs on
Ni(110) and Eq. (4) we deduce a Ps kinetic energy of
0.01+0.4 or —0.01 eV, in reasonable agreement with a
strictly thermal energy distribution.

V. ISOTHERMA. L DESORPTION

In Fig. 6 the measured values of f as a function of Cs
coverage on Ni(110) are shown. In this curve P was
not measured. Similar curves for all four alkali metals
on Ni(100) are shown in Figs. 7-10 along with the con-
comitantly measured values of hP . In all figures a
sharp rise in the Ps formation fraction occurs near
e=0.5 where P reaches a broad minimum. Consistent
with the thermal desorption spectra in Sec. III we inter-

QII-

hC
(ev)

Ni (100) + Cs

T=50 C

Ia OOO ~
yVf

0.6-
IP Q

R
'0
P 'b~o

I
I
I

0.6- (0P

~&o g)r I

0 5 w @ P Q

07-

1NL
ht:p

I

0.04
I I I I

0.08 0.12

AUGER RATIO
X[NI{848)]

0.&6

FIG. 7. Isothermal desorption of Ps and the change in the
electron work functions, hP, at T=50'C as the Cs coverage
is varied from 0 to 1.0 monolayer on Ni(100).
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pret this increase in f to the onset of rapid thermal
desorption (at 50'C) of Ps from a surface bound state.

There is signi6cant scatter in the Ps fraction data
which we attribute largely to the sensitivity of the data
to surface contamination. The getters tended to pro-
duce CO and the amount of contamination depended on
how new or well outgassed the getters were. The con-
tamination problem seemed to be most acute when dos-
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FIG. 6. Isothermal desorption of Ps at T=50'C as the Cs
coverage is varied from 0 to 1.25 monolayers (ML) on Ni(110).
The dashed line is included to guide the eye.

FIG. 8. Isothermal desorption of Ps and the change in elec-
tron work function, hP, at T=50'C as the Na coverage is
varied from 0 to 3.0 monolayers on Ni{100).
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FIG. 9. Isothermal desorption of Ps and the change in elec-
tron work function, hP, at T=50'C as the K coverage is
varied from 0 to 1.0 monolayer on Ni{100). Open circles:
some 02 contamination observed. Triangles: negligible con-
tamination {see discussion in Sec. V).
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FIG. 10. Isothermal desorption of Ps and the change in
electron work function, hP, at T=35'C as the Li coverage is
varied from 0 to 2.2 monolayers on Ni{100).

ing K. In Fig. 9 two curves of f have been plotted: the
upper curve (open circles) which was taken concomitant-
ly with the b,P curve showed some oxygen contamina-
tion (presumably from CO), and the lower curve was ac-
quired using a rebuilt evaporator that produced K with
negligible contamination. Although the clean K surface

has roughly the same jump in f, the curve is skewed
downward to the right. The Li data show even greater
Auctuations due to the uncertainty in calculating cover-
age from the Ni(102 eV) Auger line. The b,P data for
Li have been plotted versus coverage, where 8 has been
determined from the Auger data. This technique is least
sensitive at low 6, as seen in the large scatter in the data
for b,P . We have therefore used the measured values
of b,P to determine 8 for 8 &0.4 using the smooth
curve as a reference. As a result the Ps fraction data
display much less scatter in the region of low Li cover-
age.

At low alkali coverage f increases initially for all sur-
faces. At submonolayer coverage where the alkali atom
alters the surface dipole layer b,(t = —AP+, and hence
the Ps work function ((ip, ——P +/+ —6.8 eV, should
remain unchanged at about —3 eV. Thus the branching
ratio of positrons into direct Ps formation should remain
energetically favorable. The positron work function,
which is —1.4 eV on Ni(100); quickly becomes positive
with alkali coverage. This turning off of bare positron
emission, which competes with Ps formation, cannot
however explain the initial rise in f since all emitted pos-
itrons are returned to the surface with a biased grid (see
Fig. 1). As 8 increases fewer positrons must be cap-
tured by the surface state. Either the alkali atom
reduces the capture rate into the surface state or emitted
positrons returned to the surface preferentially fall into
the surface state. This latter effect could only account
for df Id 8 when 8 g0. 1, at which point positron emis-
sion is energetically no longer possible. However, all the
Ni(100) data show a more complex behavior in f prior
to the sharp rise near 0.5 monolayers. The Cs and clean
K data go through a minimum whereas the Na and Li
data appear to plateau before turning upward. Since
this behavior may depend on such subtleties as impuri-
ties, trapping at surface defects in the alkali overlayer, or
even detector systematics related to the velocity distribu-
tion of the emitted Ps, we will not consider it further.

At coverages above one monolayer one must consider
the bulk properties of the alkali film. The bulk alkali
metals, with P+ calculated' to be about 5 eV, are ex-
pected to have no bound positron surface state from
which to desorb thermal Ps. In addition, the positroni-
um work function, Pp„for bulk Cs, Na, K, and Li are
predicted to be positive: 0.05 eV, 0.4 eV, 0.5 eV, and
1.3 eV, respectively. Thus all Ps emission, direct or
thermal, should cease on bulklike alkali-metal samples in
which the positrons are thermalized. However, in thin
alkali-metal Nms the positrons that thermalized in the
Ni substrate are propelled into (and presumably trapped)
in the attractive overlayer. Unlike electronic states we
must identify two positron "work functions" for this sur-
face. The positron ground state in the Ni lies about 2
eV below the continuum ( —1.4 eV +3.5 eV=2. 1 eV),
and 3 eV above the positron ground state for the bulk al-
kali metals (P+ ——5 eV). Thus positrons crossing the
Ni-alkali-metal interface may readily form Ps before in-
elastic processes can thermalize them in the fjilm. As the
film thickness is increased the fraction of Ps formed
from nonthermal positrons should drop. Such a trend is
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VI. DISCUSSION

The data directly demonstrate that room-temperature
thermal desorption of Ps from an alkali covered Ni sur-
face occurs for 0.3 &e&0.5. Assuming this trend con-
tinues at higher coverages, then we may conclude from
Fig. 5 that E, is a nearly linear function of e. From the
viewpoint of the Born-Haber cycle [Eq. (1)] we might ex-
pect E, to depend linearly on P and hence only in-
directly on the coverage e. To account for the univer-
sally measured slow variation of E, on each surface
when P changes by 3 -3.5 eV, Eb has to rise by a com-
parable amount, as depicted in Fig. 11, to approximately
5 eV for each of the alkali-metal covered Ni surfaces in-
vestigated. If the surface state is viewed as originating
from an image potential then this is indeed a surprising
result. To date, " all positron surface binding energies
have clustered around 2.5+0.5 eV and, since the plasma
frequency for the alkali metals is lower than for Ni, the
expectation is that the binding energy should decrease
with coverage. On the other hand, it might be possible
to construct an ad hoc image-correlation potential in
which the Ni substrate provides the repulsive barrier to
entering the bulk and the alkali-metal fflm effectively
broadens the correlation well —resulting in higher values
of Et, . However, in such a model it is not clear how Eb

I I
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FIG. 11. The dashed curve is the required variation in the
bare positron binding energy, E&, determined from the values
of E, and P as the Na coverage was varied on Ni(100).

clearly evident in the Li data and this observation is con-
sistent with the fact that I.i is calculated to have the
largest value of Pp, (1.3 eV) of all the alkali metals.
However, no reduction in f is observed near 3 mono-
layers coverage of Na and this may indicate that Pp for
bulk Na is actually negative. No clear trends can be dis-
cerned in the Cs and K data since only one monolayer is
stable at 50'C. Measurements with a cooled substrate
would be required to further study Pp, and the rate of
positron thermalization in these fflms.

could closely and universally mirror the behavior of P
as shown in Fig. 11.

Consequently the view of the positron surface state as
originating from a bare positron and an image potential
is qualitatively flawed. The fact that positrons in a rela-
tively dilute electron gas have a much larger correlation
energy than electrons suggests a strong dNerence in the
character of the positron and electron surface states.
Indeed, conceptually the physical desorption channel is
via the desorption of Ps as a neutral, not positron,
desorption. This is one of the attractions of the Ps
physisorption model. " The desorbing particle is treated
as a neutral particle and correlation is naturally incor-
porated by treating the surface bound particle as Ps.
Qualitatively, the slow decrease in E, with alkali-metal
coverage is simply a manifestation of a weakening in the
van der %aals potential as the surface plasma frequency
decreases with coverage.

The detailed interaction between a positron and an in-
homogeneous electron gas is a fundamentally difficult
problem and we have considered a somewhat diiTerent
approach to the problem. The questionable validity of
the Born-Oppenheimer approximation for Ps prevents a
rigorous decoupling of the Schrodinger equation into
center-of-mass and relative coordinates. This compli-
cates a chemical approach to the positron-surface
interaction —where the center-of-mass coordinates are
used as a parameter when solving for the electronic
states. Still a tractable physical picture of the positron
surface state is needed. Near the surface it involves a
positron strongly correlated with the delocalized elec-
trons of the metal. Far from the surface properly ac-
counting for the interaction clearly requires a van der
Waals potential. In between these regions we assume
that the physical processes vary smoothly.

Platzman and Tzoar concentrate on the behavior of Ps
far from the surface and extrapolate this van der Waals
interaction to the repulsive surface barrier in their model
of Ps physisorption to a metal surface. ' They point out
that, while physically appealing, this physisorption mod-
el represents an extreme opposite view to the image-
bound positron. One problem with the model is that the
van der %aals interaction for Ps depends critically on
the 1s-2p promotion energy, which is assumed to be
nearly constant over the region where a physisorption
model is valid. Prior calculations of the 1s binding ener-
gy by Lowy and Jackson, ' however, show the binding
energy of this state to be decreased by several eV for an
electron density as low as r, =15 and the ls state to
merge with the continuum at r, =6.2 (hence
Et, —Ezp ——0). The model also requires empirical pa-
rameters (i.e., a well depth cutofF and width) which de-
pend on the short-range interaction of the Ps with the
surface. A critical feature of the interaction between the
positron and/or positronium and the metal surface is the
qualitative change of the correlated electron from being
bound in a Ps state to forming a screening cloud with
the extended states of the metal. In the following devel-
opment we concentrate on this latter aspect of the prob-
lem of the "near surface" interaction where Ps is ener-
getically unfavorable. Conceptually we try to retain the
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view of the positron plus the correlated electron as a
neutral particle in a potential well.

The model used in discussing ouI results is based on
the effective-medium theory of Ndrskov and Lang. In
lowest order the elective-medium theory approximates
the bonding of an atom to the inhomogeneous electron
gas at the surface by embedding the atom in a homo-
geneous electron gas of density equal to that at the
atoms core. The binding energy curve of the atom is
then given by the variation of the electron density along
the surface normal. The binding energy of the atom and
the bond distance are identified with the minimum of the
curve. The efFective-medium theory has been found to
accurately explain the weak dependence of hydrogen
chemisorption on metals, suggesting that a similar ex-
planation may be found for our observed weak depen-
dence of E, on alkali-metal coverage.

%'e treat the bonding of Ps to the surface in a similar
fashion, differing only where the low mass of Ps must be
taken into account. First, the Ps 1s bound state merges
into the continuum' for r, g6.2. Near the surface,
where r, is smaller than this critical value, we assume
the electron correlation cloud crosses over from a local-
ized Ps-like state to a screening cloud composed of ex-
tended states. Within a distance z of the surface the
positron's correlation energy, E„with the inhomogene-
ous electron gas is approximated by that of a positron
embedded in a homogeneous electron gas of density p(z).
The Thomas-Fermi screening length, l~, is used to define
the scaled variable z'=z/l~ (with z' =0 defined as the
plane of the jellium edge). The variation of the electron
density p with the distance is then determined using the
"universal relation" of Rose, Smith, and Ferrante,

Nt(}oo) + Na

p.s
Q4
0.2

Q

CORES

FIG. 12. Potential vrell calculated for various Na coverages,
8, on Ni(IOO) formed by joining the correlation potential
E,[p(z}] to the repulsive inner potential step at z = —1.32 A.
z =0 is located at the jellium edge.

immediately below [z = —0.88 and —1.76 A for
Ni(100)]. The calculated binding energies are 0.10, 1.0,
and 0.58 eV corresponding to locating the repulsive bar-
rier at the two physical extremes and their midpoint
( —1.32 A). Given our experimental results (see Fig. 5)
we select the intermediate value as the location of the
potential step.

To calculate the e8ect of the alkali-metal overlayer on
the binding energy we allow the bulk charge density and
top layer core spacing, d, to linearly relax to the alkali
values with e. Thus, for Na,

p(z')=
p(1 —054e' ' ), z g0 p(8}= pwca

—
(pwca

—
pwa }8

d(8) =dN —(dN —dN. }8
(7)

(8)

(6)

%ith the above charge density and E, from Ref. 24, the
positron correlation potential can be constructed. Since
the correlated particle is nearly neutral the surface di-
pole 6eld does not enter in lowest order. Near the ion
cores of the top layer a repulsive barrier is encountered
~here we turn on the full bulklike interaction of the
positron-electron pair with the metal. The top of the
barrier is taken to be P++P [=3.4 eV for Ni(100)]
above the potential energy at large separation from the
surface (similar to Ref. 15). Joining these potential ener-

gy curves yields not an effective-medium binding energy
curve but a quantum well in which the composite parti-
cle is, presumably, trapped (as shown in the bottom
curve of Fig. 12}. The binding energy of this well for a
particle of mass 2m, then corresponds to the activation
energy E, for desorbing Ps. Solving the Schrodinger
equation for such a potential indicates that the binding
energy depends sensitively on the location of the repul-
sive inner potential step. For the clean Ni(100) surface
we locate this step semi-empirically. %e physically ex-
pect this inner potential step to occur somewhere be-
tween the plane containing the ion cores and the hollows

where we maintain the potential step at 0.75d ( = —1.32
A for 8=0 and —1.58 A for 8= 1). The resulting po-
tential wells are shown in Fig. 12 for several coverages.
The corresponding binding energies and the experimen-
tally measured Ps activation energies are plotted in Fig.
13 versus e.

In this model the dominant e8'ect of the alkali-metal
overlayer is to weaken the correlation potential by re-
ducing the charge density. Calculations performed
without the d scaling relation [Eq. (8)] are similar (see
Fig. 13). The calculated binding energies. decrease in a
linear fashion as do the measured activation energies.
This trend is encouraging since linearly scaling p with 8
does not a priori imply a linear decrease in binding ener-

gy due to the dependence of the binding energy on the
well shape and E,(p}. In addition, the Na and Cs states
are observed to be similar when plotted versus 8 and
this is easily understood from Eq. (7). Since pN; is an or-
der of magnitude larger than pN, or pz„the right-hand
side of Eq. (7) is well approximated by pN;(I —8) and
hence only a weak dependence on the alkali-metal
species is expected. This effect is also consistent with
the observation that the steep increase in f in all the iso-
thermal desorption curves (Figs. 6—10) occurs at the
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FIG. 13. The measured Ps activation energy, E„from Fig.
5 (solid symbols) replotted vs coverage, 8 (in monolayers). The
open circles are the calculated binding energies of a composite
particle of mass 2m, in the model potential wells shown in Fig.
12 in which d was scaled with e using Eq. (8) (top curve) or
held constant (lower curve). The calculated values are fitted to
a straight line.

same coverage of approximately 0,5 monolayer.
Finally, we note that the agreement between theory

and experiment in Fig. 13 is not perfect. While it was
possible to tune the location of the step potential to fit
the data more precisely, we felt this would be an overex-
tension of such a simple lowest-order approximation.
Clearly the presence of the strong dipole fiel at the sur-
face will polarize the positron and its screening cloud,
thus producing a greater attraction to the surface and a
larger binding energy Calcu. lation of the first-order
correction terms to account for the polarization are re-
quired. Furthermore, this lowest-order treatment will
fail to account for the long surface state lifetime report-
ed in Ref. 13. Higher-order polarization effects, which
reduce the electron-positron overlap, may be able to ac-
count for this result.

VII. CONCLUSION

We conclude that the simplest interpretation of the
alkali-metal results is that a strongly correlated positron
is bound to the surface predominantly by a screening
cloud composed of electrons from the extended states of
the metal (primarily s and p states). The binding energy
decreases with alkali-metal coverage as the correlation
energy weakens due to the lo~er electron density outside
the zero-pont barrier. A simple effective-medium treat-
ment of these effects replicates the trends found in the
data quite mell. Such a treatment has several similarities
with the approach employed by Cuthbert using the hy-
drodynamic model and a single correlated electron. In
both cases the center of mass of the composite polarized
particle is much closer to the metal surface than would
be the case for Ps physisorption. And, being close to the
surface, the positron's screening cloud consists of delo-
calized metal states rather than a localized Ps bound
state. It mould be interesting to know if a hydrodynamic
treatment could account for the effects of alkali-metal
adsorption presented in this paper. Higher-order calcu-
lations in the e8'ective-medium treatment are required to

determine whether this model can quantitatively account
for the observed long surface-state lifetime.

Further measurements should help clarify our under-
standing of' positron surface states. Measurements on
cooled surfaces would help substantiate the trend in E,
observed in Fig. 5. Angular correlation measurements
on alkali-metal covered surfaces looking for the antici-
pated asymmetry' in the angular correlation of the an-
nihilation y rays should detect an increase in the Ps
character of the surface state of these systems, if it ex-
ists. In addition, surface-state lifetime measurements on
a variety of surfaces, including magnetized surfaces with
spin polarized bound positrons (where spin averaging
may not be applicable), should help resolve the question
of the particular admixture of positron and positronium
which is bound to a metal surface.
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APPENDIX: SPIN POLARIZED MEASUREMENTS

In an earlier Letter me showed that spin polarized
positrons could probe the surface magnetic properties of
Ni. %e deduced the spin polarization of the electrons
captured at the surface of Ni(110) to be I', = —2. 5

+0.3%, i.e., net majority spin. Since the Ni density of
states is dominated by minority electrons near the Fermi
energy, and since it is presumably these electrons that
are principally captured in the Ps thermal desorption
process, a large sign reversal in P, would be expected
when thermal desorption is occurring. However, on
clean Ni the Ps desorption temperature (see Fig. 4) is
300-400'C above the Curie temperature of 360'C, and
thus we have utilized Cs to reduce E, and hence the
desorption temperature. %'hen the description tempera-
ture is reduced below the Ni Curie temperature, a
definite strong preference for minority spins would be
anticipated since the desorption process should strongly
weight electrons within kT of the Fermi energy. As a
result the thermally desorbed Ps may consist of almost
100% minority electrons. If true, such a surface would
also be a highly efFieient low-energy positron polarime-
ter.

Measurements of the triplet Ps formation asymmetry
on reversing either the positron spin polarization or the
Ni magnetizing 6eld were made at three coatings of Cs
on Ni(110). The Cs-to-Ni Auger ratios of 0.03, 0.046,
and 0.062 correspond to 8=0.2, 0.3, and 0.4 mono-
layers, respectively. The corresponding values of f were
0.50, 0.58, and 0.79 indicating significant thermal
desorption in the higher coverage run (see Fig. 6). How-
ever no signi6cant asymmetry was measured for any of
the three coverages. Either the Cs atoms modified the
surface electronic structure to such an extent that the
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surface magnetism was disrupted or the Ps formation
process was altered so that a diferent distribution of
electrons (perhaps a stronger weighting of s and p) parti-
cipated in the screening and neutralization process. A
similar quenching of the triplet Ps formation asymmetry

had been previously observed for a half rnonolayer of
oxygen on Ni(110). Clearly, the electron capture process
is highly surface sensitive, but a highly spin-selective
process in Ps thermal desorption could not be observed
in the present work.
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