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(Received 22 February 1988)

We report calculations of the positron surface state on clean and alkali-metal- (Na, Cs) covered

Ni surfaces. It is sho~n that the alkali adsorption increases the surface-state binding energy.
With the lowering of the electron work function, this leads to positronium desorption energies
which are weakly dependent on the alkali coverage, in agreement with the recent experiments of
Gidley, Koymen, and Capehart. It is shown that the positron becomes mainly localized between

the substrate and the overlayer, and that the lifetime is shorter for positrons on the alkali-metal-
covered surface.

The interaction of positrons with solid surfaces gives
rise to a host of fascinating phenomena, which have been
under intensive detailed investigations during the last few
years. ' Like electrons, positrons can be bound to metal
surfaces by "image" correlation interactions. However, in
contrast with electrons, for which the long-range image-
potential dominates and leads to a series of Rydberg-type
levels, the positron surface state is critically dependent on
the short-range "correlation well" in the proximity of the
surface atoms. The bound state is the result of the inter-
play between repulsion from the surface ionic cores and
the attractive electron-positron correlations just outside
the surface. Ever since its introduction to account for
anomalously long positron lifetimes in metals containing
large irradiation-induced voids, the description of the pos-
itron surface state has been the subject of several theoreti-
cal studies.

The positron binding energies Eb to the surface state
are experimentally'0 deduced from the activation energies
E, required to thermally desorb positronium (Ps) atoms
from the surface:

Ee Ey+P- —8,
where p is the electron work function of the surface and
8 6.8 eV is the binding energy of a Ps atom in vacuum.
The values of Eb obtained from experimental values of E,
and p- using Eq. (l) typically cluster around 2-3 eV for
metals, with the exception that the alkali metals are not
expected to support a stable'surface state. The most ex-
tensive and quantitative calculations for the positron sur-
face state are based on an image-potential model, which
combines the atomistic nature of the potential with a
matching of the short-range (local-density) correlation
potential to the long-range (nonlocal, image) potential.
These calculations have been successful in analyzing the
appearance and the stability of the surface state, but the
capability 'of the model to accurately predict the surface-
state lifetime and angular correlation pattern is still a
matter of debate. ' "'

Recently, Gidley, Koymen, and Capehart' have under-
taken a very interesting study of the positron surface state.

By adsorbing alkali metals (Li, Na, K, Cs) on well-
characterized Ni surfaces they have systematically
lowered the electron work function p- and measured the
activation energies E,. While the work function p- is
lowered' by up to several eV with submonolayer cover-
ages, Gidley, Koymen, and Capehart found surprisingly
small reductions in E„with a typical E, of around
0.7-0.8 eV diminishing to zero only at coverages near a
physical monolayer. By Eq. (l), this indicates that the
binding energy Eb to the surface state is increasing almost
as fast as the electron work function is lowered. At first
sight this would seem unexpected, and has prompted oth-
er, alternative models ' for the surface state. These em-
phasize the composite nature of the surface state either as
a "physisorbed" Ps atom or as a Ps+ "ion," the binding
and subsequent desorption of which is less sensitive to the
underlying surface.

The purpose of the present paper is to show that the re-
sults of Gidley, Koymen, and Capehart' are consistent
with the image-induced surface state model. Our calcula-
tion is based on the analogy with a steady-state chemical
reaction, whose activation energy is calculated as the total
energy difference between initial and final states. The
latter is free Ps outside the surface and the former the sys-
tem of metal electrons and surface positrons. The alkali-
metal chemisorption leads to charge rearrangement and
the well-known lowering of the electron work function by
reducing the electrostatic surface barrier for electrons,
The same effect also leads to an increase in the positron
binding energy via a mechanism where the positron actu-
ally becomes localized in the region between the substrate
and the alkali-metal overlayer. The increased stabiliza-
tion of the positron surface state together with the de-
creasing electron work function result in an activation en-
ergy which is a weak function of the alkali-metal cover-
age, in agreement with the experiment.

The calculations are based on the three-dimensional
atomistic approach, where an effective potential V+(r)
acting upon the positron is 6rst constructed. This is then
fed into a Schrodinger equation solved by numerical re-
laxation techniques. The boundary conditions imposed for
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the computational unit cell assure that the positron is in
the lowest-lying Bloch state parallel to the surface. The
annihilation characteristics of the ground state can then
be calculated from the positron and electron densities.
The potential contains an electrostatic (Hartree) part
Vc(r) and a correlation component V~„(r):

v+(r) -v, (r)+ v„„(r). (2)

The correlation part is constructed by using the local-
density approximation where V~„(r) becomes a func-
tion'5 of the electron density n(r) O.utside the surface,
V~„ is joined to the image potential

V; (r) -—1/4[ -zo(r)l, (3)

where z is the coordinate perpendicular to the surface and
zo(r) defines the image surface. This is the corrugated-
mirror model, where the image potential is constructed to
have the same constant value contours as the electron den-
sity outside the surface.

A simple yet reasonably accurate prescription'b for
Vc(r) and n(r) is based on the superposition of atomic
Coulomb potentials and charge densities. This leads to a
good representation' of the positron distribution inside
bulk materials and in point defects of them. At the sur-
face, however, the electrostatic potential differs somewhat
from the atomic superposition which is refiected in the
fact that the calculated positron ground-state-energy pa-
rameters E for bulk differ from the measured positron
work functions pi. If the superposition were accurate
throughout the crystal, one would have E -p+. One
can mimic the additional dipolar effect by adding the
missing step hvo —pi —E in the potential construc-
tion. For clean surfaces, this is relatively unimportant as
the properties of the surface state are largely determined
by the depth of the correlation well, i.e., the position of the
image surface. In the present case, however, it is exactly
the changes in the dipolar potential in the surface region
that determine the important trends. Consequently, we in-
corporate both hvo and the alkali-metal-induced change
d,D in the dipolar step into the electrostatic potential
Vc(r). In practice, this is done in the form of a ramp po-
tential V,„f(z):

Vc(r) -V,"'(r)+V,„(z), (4)

where AS denotes the atomic superposition and

aV, z&z&,
V,„,f(z) hv(z —z2)/(zi —z2), zl (z &z2, (5)

0, z) z2.

Above, hv Bvo+dd)(8) is the surface dipolar step
height dependent on the alkali-metal coverage 8. The
coordinates z 1 and z2 define the spatial extent of the sur-
face dipolar barrier (see below). The atomic superposi-
tion approximation is used for the electron charge density.
This is justified, as both the local-density correlation po-
tential V „(n(r)) and the rate function' I (n(r)) are
slowly varying functions of the density and thus not sensi-
tive to small relaxations, in contrast with the electrostatic
potential The rate function appears in the expression for
the annihilation rate )I,:

Z-„dr i y~(r) i
'I"(n(r)), (6)

where yi(r) is the positron wave function. The core elec-
tron contribution to the annihilation rate is treated within
the independent-particle model, with prefactors discussed
in Ref. 17.

For a clean surface the charge rearrangement relative
to the atomic superposition takes place primarily in the re-
gion just outside the topmost layer of atoms, ' and thus a
reasonable choice for zi is to coincide with the outermost
plane (which we take to reside at z 0). The value of z2
corresponds to the extent of the electron density into the
vacuum and is taken to be half the interlayer spacing.
The value of zo 1.23 A (along the calibration line [100],
see Ref. 7) is determined so that the experimental binding
energy Eb 2.33 eV for a clean Ni(100) (Ref. 20) is
reproduced for the model with the added step. The step
height h, VO is -2.0 eV; this reproduces the observed' posi-
tron work function pi —1.3 eV for Ni(100). The re-
sults for the binding energy and the annihilation lifetime

I/A, are included in Table I, which shows that the in-

clusion of the additional step is relatively unimportant for
the clean surface. This reflects the fact that the positron
wave function primarily resides outside the surface. The
influence of the surface dipole on the positron surface
state has also been examined by Brown, Walker, and

TABLE I. Calculated properties of positron surface states on clean and alkali-megal-covered Ni(100)
surfaces. 8 is the coverage, p- the electron work function, and hV(8) the dipolar step at the surface
[see Eqs. (4) and (5)]. Eb is the binding energy in the surface state and Eo the activation energy for Ps
desorption. Two estimates are given for the lifetime: i is the local-density result and i, includes the
cutoff in the image-potential region (Ref. 8).

Adsorbate

Clean

Na

Cs

0.125
0.25
0.5
0.125
0.25
0.5

5.22
5.22
2.5
2.1

2.9
1.6
1.6
1.9

hV
(cV)

—2.0
0

—4.9
—5.3
—45
—5.8
—5.8
—5.5

Z2

0.88

2.2
2.2
2.2
3.8
3.8
3.8

Eb
(cV)

2.33
2.23
4.2
4.2
3.4
6.0
5.8
5.0

(psec)

331
352
298
307
361
309
298
264

iC

(psec)

565
660
343
343
461
338
299
264

E,
(eV)

0.75
0.65

—0.1
—0.5
—0.5

0.8
0.6
0.1
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West, ' employing a jellium model, with similar con-
clusions.

For alkali-metal covered surfaces, the dipolar heights
~(8) are directly obtained from the measured electron
work-function changes. ' ' Self-consistent slab calcula-
tions for Cs on W and Mo have demonstrated that the
change in the electrostatic potential associated with the
charge rearrangement is concentrated in the region be-
tween the topmost substrate layer and the overlayer.
Guided by this result, we position the dipolar step so that
z~ 0 and z2 z„where z, is the perpendicular distance
of the chemisorbed layer.

We have performed calculations for Na and Cs on
Ni(100) at coverages [defined relative to the Ni(100) sur-
face atom density] of 8 0.125 [c(4x4) structure],
8 0.25 [p(2x2) structure), and 8 0.5 [c(2&2) struc-
ture]. The coverage of 0.5 corresponds to one physical
monolayer (the maximum coverage within a single layer)
for Na on Ni, whereas the physical monolayer coverage
is about 0.35 for Cs on Ni. 23 The adsorbate positions are
taken from the experimental LEED values: z, 2.2 A.

(Ref. 24) and 3.8 A (Ref. 25) for Na and Cs, respectively.
The image plane position za in the [100]direction is taken
to be 1.8 and 2. 1 A outside the adsorbate layer for Na and
Cs, respectively. These distances are based on the jellium
calculations for image plane positions. The electron
work-function change dd) (8) is taken from Gidley,
Koymen, and Capehart, ' with a value of 5.2 eV for the
work function of clean Ni(100). z7 The input data and the
calculated results for the binding energy Eb and the life-
time r 16.are collated in Table I.

Figure 1 shows the effective potential and the ground-
state positron wave function for a representative case of
an alkali-metal-covered Ni surface. Instead of being
trapped in the image-correlation well just outside the sur-
face, the positron now becomes mainly localized in the re-
gion between the substrate and the overlayer. One impli-
cation of this result is that the description of the positron-
surface interaction in the region of the image-correlation
well outside the surface becomes relatively unimportant.
For example, the positioning of the image surface outside
the overlayer is not critical. The positron localization is
mainly driven by the electrostatic and geometric effects at
the overlayer.

The other important result is that the positron binding
energy Eb with respect to vacuum is substantially larger
than for the clean surface (see Table I). For low cover-
ages there is an increase in the binding energy similar in
magnitude to the decrease in the electron work function.
This leads to activation energies E, that depend weakly on
coverage. For higher coverages, the binding energy satu-
rates and eventually will fall off slowly. Figure 2 shows
the calculated activation energies as functions of the
alkali-metal coverage, in comparison with the recent ex-
perimental data of Gidley, Koymen, and Capehart. We
find a good qualitative agreement for the slopes. The
simplified account of the surface dipole effects employed
here excludes detailed quantitative comparison, but the
calculated activation energies differ from the experimen-
tal values by no more than 0.3-0.5 eV. It is also
significant that the alkali-metal-induced surface step dd)

-0 38
0 —,. 48
&D -6 50O

CL

-9 68

O~o

O

O

O
C

leads to much larger binding energies than the pure AS
model, typically 2.5 eV for Cs and 0.7 eV for Na. This
shows that the charge rearrangement associated with the
alkali-metal adsorption is of crucial importance in ex-

plaining the trends in the surface state.
The calculated lifetimes are also given in Table I. Two

columns are included. The first one corresponds to the

1.5

—0 ' 5

UJ 0-

0 Clean Nl(100)
0 Nl(100j+Na. expt.
&Nl(110j+Cs, expt.
~ NI(100)+Na, hmaa y
&Nl(100)+Ca, b'av~

-0 ~
5— ~ 4

0.2 0.4 O. B
Coverage (monolayere)

FIG. 2. The positronium activation energy E, as a function of
coverage for Na and Cs on Ni(100) (solid symbols). The exper-
imental points for Ni(100) + Na and Ni(110) + Cs are taken
from Ref. 13. A11 coverages are given in terms of the Ni(100)
surface atomic density. The dashed lines correspond to least-
squares 6ts to the theoretical results.

0

~~O
O~

FIG. 1. (a) The effective positron potential on a Cs
p(2&2)/Ni(100) surface. (b) The ground-state positron wave

function for the surface state on Cs p(2x2)/Ni(100). The
length a is the Ni lattice constant (3.52 A).
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local-density formula for I, while the other contains the
cutoff in the image-potential region where the positron

becomes decoupled from its screening cloud. These two
models are related to the ongoing discussion "of the
surface lifetime. While the two approaches give substan-
tially different values for clean metal surfaces, they be-
come much closer to each other for the alkali-metal-
covered case. This again reflects the fact that, for alkali-
metal-covered surfaces, the positron stays largely within
the overlayer and does not enter the image-potential re-
gion. It is also noteworthy that the calculations predict a
clear decrease of the lifetime simultaneously with an in-
crease in the binding energy in going from a clean to an
alkali-metal-covered surface. Usually, in the case of posi-
tron defect trapping, ' a deeper trap (large binding ener-

gy) is associated with a longer lifetime.
The calculations have been restricted to coverages

larger than 0.125. For lower coverages, the charge rear-
rangement tends to become localized around individual
adatoms and thus the representation of the dipolar step

by a one-dimensional function becomes less accurate.
Also the computational unit cell becomes so large that it is
difficult to handle with the present calculational scheme.

In summary, we have performed calculations for the
positron surface state on Ni(100) surfaces covered by or-
dered layers of Na and Cs adsorbates. The charge
transfer associated with the chemisorption, which is also
manifest in the lowering of electron work function, leads
to a dipolar 6eld which strongly stabilizes the positron
surface state so that the activation energy for Ps desorp-
tion decreases only weakly with coverage. The positron is
mainly localized in the region between the substrate and
the overlayer. We predict lifetimes which are substantial-
ly shorter than for clean surfaces.

We would like to thank Alison Walker for a number of
useful discussions and Andy Brown for computational as-
sistance. One of us (K.O.J.) wishes to thank the Science
and Engineering Research Council for financial support.
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