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Annihilation of positrons trapped at the alkali-metal-covered transition-metal surface
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Recent studies of the Cu(100) surface covered with submonoiayers of Cs [A. R. Koymen et al. , Phys.
Rev. Lett. 68, 2378 (1992)] revealed that the normalized intensity of the positron-annihilation-induced
Cu M2 3 VV Auger signal remains nearly constant at the clean Cu( 100) surface value until the Cs cover-
age reaches approximately 0.7 physical monolayer, at which coverage the signal intensity drops precipi-
tously. We present a microscopic analysis of this unusual behavior of the Cu M2 3 VVAuger signal based
on a treatment of a positron as a single charged particle trapped in a "correlation well" in the proximity
of the surface atoms. The image-potential-induced positron surface states are calculated using the
corrugated-mirror model in a full three-dimensional geometry. These states are studied for the clean
Cu(100) surface and for various ordered structures of the Cs adsorbate on the Cu(100) surface below and
above the critical alkali-metal coverage of approximately 0.7 physical monolayer. Calculations show
that whereas the positron surface state is localized in the region of the Cs/Cu(100) interface for Cs cov-
erages below the critical alkali-metal coverage, at a Cs coverage corresponding to one physical mono-
layer the positron surface state is localized on the vacuum side of the Cs overlayer. The probabilities for
a positron trapped in a surface state to annihilate with relevant Cu and Cs core-level electrons as well as
the positron surface-state lifetimes are computed for various alkali-metal structures on the Cu(100) sur-
face and compared with experimental positron-annihilation-induced Auger-electron-spectroscopy data.
It is shown that a shift in localization of the positron surface state from the Cs/Cu(100) interface to the
vacuum side of the alkali-metal overlayer results in a sharp decrease in the positron-annihilation proba-
bilities with Cu 3s and 3p core-level electrons, in agreement with experiment.

I. INTRQDUCTIQN

Alkali-metal adsorption on transition-metal surfaces
has been studied extensively due to its wide variety of
electronic properties which are important from both fun-
damental and technological points of view. ' ' In spite
of longtime experimental and theoretical efforts, there are
a number of unsolved problems with regard to the alkali-
metal adsorption on metal surfaces. Among them, the
distinct property of chernisorbed alkali-metal adatoms to
reduce significantly the electron work function of the sub-
strate has attracted a great deal of attention because of its
relevance to cathode technology. Recently alkali-metal
adsorption on transition-metal surfaces has become the
subject of experimental studies using the surface charac-
terization technique, positron-annihilation-induced
Auger-electron spectroscopy (PAES)." ' In PAES a
fraction of the low-energy positrons trapped in the posi-
tron surface state annihilate with neighboring core-level
electrons, creating core-hole excitations which give rise
to the Auger-electron emission. ' A unique feature of
PAES is that the electrons which make up the Auger
peak in the electron energy spectrum originate almost ex-
clusively from atoms in the outermost layer of the sur-
face. ' As a result, PAES is more surface sensitive than
standard methods of the Auger-electron excitation. In
the case of the electron (or photon) excitation of core
holes, the Auger electrons originate from an excitation
volume which extends hundreds of atomic layers below
the surface, limiting the surface selectivity to the escape
depth of the Auger electron (of the order of 5 —20 A). '

The applicability of PAES to the measurement of thermal
desorption of positrons from the surface state, ' to the
compositional characterization of the topmost atomic
layer, and to the study of the initial stages of epitaxial
growth, interdiffusion, and alloy formation has been al-
ready established. "' ' In addition, since PAES in-
tensities are sensitive to the spatial distribution of the
positron wave function on the surfaces of interest, the
method can be applied to study the nature and location of
the positron surface state.

In PAES studies of the alkali-transition-metal surface,
Koymen et al. " found that the normalized intensity of
the positron-annihilation-induced Cu M2 3 VV Auger sig-
nal, II„obtained as a function of Cs coverage on a
Cu(100) surface at 163 K drops sharply in a range of less
than 0.02 monolayer at a critical Cs coverage of approxi-
mately 0.70 physical monolayer [one physical monolayer
of a hexagonal-close-packed array of Cs atoms on the
(100) surface of copper corresponds to the highest cover-
age of 0.416X 10' atoms/cm that can be accommodated
in a single layer on the surface ] Due to t.he fact that in
the energy range of PAES measurements almost all holes
in the core levels give rise to Auger-electron emission,
the experimental PAES intensities are directly related to
the core-annihilation probabilities p„ I, i.e., the fractions
of positrons trapped in a surface state annihilating with
electrons from different core shells with quantum num-
bers n and l (n =1,2, 3, . . .;I=s,p, d, . . . ). This implies
that the sum of the annihilation probabilities of surface-
trapped positrons with Cu 3s and 3p core-level electrons
changes abruptly from the relatively high combined
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core-annihilation probabilities to much lower combined
core-annihilation probabilities when the Cs coverage
reaches 0.70 physical monolayer. (The majority of 3s
holes in the Cu core decay through the M, M23 V Auger
channel, leaving a hole in the Cu 3p shell which results in
the subsequent Mz 3 VV Auger emission. '")

These experimental PAES results deviate significantly
from predictions by Nieminen and Jensen. According
to their calculations of the positron surface states at the
alkali-metal-covered Ni surfaces, the charge rearrange-
ment with the alkali-metal adsorption that leads to the
lowering of the electron work function causes the posi-
tron to become mainly localized in the region between
the substrate and the overlayer up to an alkali-metal cov-
erage of one physical monolayer. This location of a
positron bound state results in a relatively large overlap
of the positron density function and the substrate core
electron-density functions, and predicts that the core-
annihilation probabilities are insensitive to changes in the
alkali-metal coverage. Thus, according to calculations by
Nieminen and Jensen, the Cu Mz 3VV PAES signal
should remain close to the clean surface value after depo-
sition of Cs up to one physical monolayer. A relatively
modest reduction in the Cu M2 3 VV PAES intensity is ex-
pected due to attenuation caused by the inelastic scatter-
ing of the outgoing Auger electrons as they traverse the
Cs overlayer.

Koymen et al. " performed calculations of the Cu
PAES signal intensity based on the approach of Niem-
inen and Jensen for the ordered p(2X2) and c(2X2) ar-
rangements of Cs adatoms on the Cu(100) surface which
correspond to alkali-metal coverages of 0.49 and 0.98
physical monolayer, respectively. However, the results of
those calculations are in reasonable agreement with the
experimental data only below the critical Cs coverage. "
Those calculations do not reproduce the sharp drop in
the Cu PAES intensity observed for the Cs/Cu(100) sys-
tem at the Cs coverage of approximately 0.70 physical
monolayer, and greatly overestimate the intensity of the
positron-annihilation-induced Cu Mz 3 VV Auger signal
observed for Cs coverages exceeding the critical one. "

Fazleev and co-workers' ' were able to account for
the observed behavior of the intensity of the Cu PAES
signal with the Cs coverage in the context of a phenome-
nological model, which treats the positron as trapped in a
double-well potential in the direction perpendicular to
the surface (one well is located just outside the Cu sub-
strate and the other is located on the vacuum side of the
alkali-metal adsorbate metallic islands). The sharp drop
in the Cu M2 3 VV PAES intensity observed for the
Cs/Cu(100) system at the critical alkali-metal coverage of
approximately 0.70 physical monolayer was attributed to
a shift of positrons trapped at low Cs coverages in the
bound state at the Cs/Cu interface to the positron surface
state on the vacuum side of the Cs overlayer at high
alkali-metal coverages. The appearance of the positron
surface state on the vacuum side of the Cs overlayer over
a small change in the Cs coverage at the critical alkali-
metal coverage was assumed to be due to a structural
phase transition in the Cs overlayer from a disordered
distribution of adatoms to adsorbate metallic islands with

an ordered hexagonal-close-packed structure.
The purpose of this paper is to present an ab initio

analysis of the results of PAES studies of the alkali-
transition surface by performing first-principles calcula-
tions of the positron surface state and corresponding
positron-annihilation characteristics for the Cu(100) sur-
face covered with submonolayers of Cs. Such calcula-
tions are indispensable in order to clarify the Cs coverage
dependence of the normalized Cu M2 3 VV PAES intensi-

ty and the localization of the positron bound state at the
alkali-transition-metal surface. In Sec. II we perform cal-
culations of positron surface states for the clean Cu(100)
surface and for various ordered structures of the Cs ad-
sorbate on the Cu(100) surface below and above the criti-
cal alkali-metal coverage of 0.7 physical monolayer. In
Sec. III positron-annihilation characteristics are deter-
mined. The impact of various arrangements of the Cs ad-
sorbate on annihilation probabilities of surface-trapped
positrons with copper 3s and 3p core-level electrons as
well as with cesium 4p and 4d core-level electrons is dis-
cussed, and positron surface-state lifetimes are calculated.
In Sec. IV we compare our calculations of the annihila-
tion probabilities of a positron trapped in surface states
with relevant Cu and Cs core-level electrons for various
ordered structures of the Cs adsorbate on the Cu(100)
surface below and above the critical alkali-metal coverage
with experimental measurements of the PAES intensities
as a function of Cs coverage performed at low tempera-
tures. Conclusions are made in Sec. V.

II. PQSITRQN SURFACE STATES

Calculations of the positron surface state in the present
paper are performed using the corrugated-mirror model
of Nieminen and Puska. Within this model the trapping
of the positron in a correlation well in the proximity of
surface atoms is calculated on the basis of a long-range
(nonlocal) image potential which is made to have the
same corrugations as the total electron density at a sur-
face. Earlier calculations based on this model have been
successful in analyzing the appearance and stability of
positron surface states at transition-metal surfaces. ' '

The potential due to the surface felt by a positron may be
written as

V(r) = VIr(r)+ V„„(r),

where VH(r) is an electrostatic Hartree part, and V„„(r)
is a correlation component of the positron potential. The
two terms of this potential will be discussed separately
below.

A. Hartree potential for a positron at a metal surface

The Hartree potential VH(r) is constructed as a super-
position of the atomic Coulomb potentials from all the
atoms located within a predetermined radius of the evalu-
ation point. Atomic calculations for each atomic species
are performed within the local-spin-density approxima-
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tion, using the exchange-correlation functional and
atomic con6gurations from Refs. 28 and 29, respectively.
The termination of the bulk metal at the surface results in
a charge imbalance at the surface and in the presence of
the surface dipole layer that is not compensated for by an
additional layer of metal. This charge imbalance at the
surface is a source of a net dipole term on the surface
which effects the electron distribution functions on the
surface, and results in the surface dipole term in the posi-
tron potential. As a result, the calculated positron
ground-state energy E for the bulk differs by ADO from
the measured positron work function @+.' ' An addi-
tional contribution AD to the surface dipole term is due
to alkali-metal adsorbates. This latter term is dependent
on the alkali-metal coverage of the transition-metal sur-
face, the type of adsorbate, and the type of substrate met-
al. To correct for misrepresentation of the surface dipole
in the atomistic-superposition model, a ramp poten-
tial' ' can be added to the expression for the total posi-
tron potential. The height AV= —4+ —E is adjusted
for each surface to give the correct positron work func-
tion. However, in the calculations presented in this paper
the surface dipole layer effects on the electron distribu-
tion functions at the surface and on the positron potential
are taken into consideration using the method of Weinert
and Watson. This method avoids the introduction of ar-
bitrary parameters associated with the use of the ramp
potential, '"' as well as difficulties associated with the
positioning of the ramp potential at arbitrary alkali-metal
coverages. Following the method of Weinert and Wat-
son the atoms are placed in a compensating potential
well of magnitude —0.25 Ry extending from the atom
center out to one %'igner-Seitz radius, then linearly
ramping to a value of 0.00 Ry at twice the Wigner-Seitz
radius and beyond. (The Wigner-Seitz radius is defined
as the radius of a sphere with the same volume as the po-
lyhedron Wigner-Seitz unit cell. ) This potential well has
been used for a large variety of metal surfaces and pro-
duces results for the electron work function in reasonable
agreement with the experimental data. The Schrodinger
equation is solved self-consistently for each bound elec-
tron state of each atomic species initially using the
Thomas-Fermi potential for the atomic potential with the
inclusion of the compensating potential well. Then with
the resulting atomic charge density, Poisson's equation is
used with a small screening function ' to derive a poten-
tial estimate. An atomic potential is found by mixing the
result of Poisson s equation with the initial potential esti-
mate and adding the compensating potential well to force
the inclusion of the surface dipole effect. Then the
Schrodinger equation is solved using the potential, and
the calculations are repeated until the process converges.
Coulomb potentials for each atomic species at the surface
are finally constructed from Poisson's equation using the
three-dimensional atomic charge densities derived
through self-consistent iteration. The crystal structure
and the lattice constant for copper are taken from Ref.
29. It has been verified that the resulting total electron
charge densities for each atomic species agree with the
self-consistent potential expected on the surface of a
solid.

B.Correlation potential for a positron at a metal surface

The correlation component V„„(r)of the positron po-
tential in regions of high electron density is constructed
using a local-density approximation. In these regions
V„„,(r) becomes a function of the total three-dimensional
electron density, n(r), described by a superposition of
atomic electron densities. The parametrization by
Boronski and Nieminen is used for the electron-density
dependence of V„„(r). Following the corrugated mirror
model, the correlation part of the total positron poten-
tial outside the metal surface is expressed as an image po-
tential,

e 1

4+so 4[Z,~(n(r)) —Zo]

where e is the charge of a positron, co is the vacuum per-
mittivity, Z,~(n(r) ) is the effective distance from the sur-
face, represented as a function of the total electron densi-
ty at the surface, n(r), and Zo defines the eff'ective

image-plane position on the vacuum side of the top layer
of atoms. The image potential is constructed to have the
same corrugations, i.e., the same constant-value surfaces,
as the total electron density n(r). The effective distance
Z,ff(n (r) ) in the denominator of Eq. (2) is determined by
inverting the function n(Z, &) along a reference line nor-
mal to the surface from a center of the adsorbate atom on
the Cu(100) surface, or from a center of the reference
atom on the Cu substrate (100) surface if no adsorbate is
present. The assumption is made that at large distances
(low electron density) the corrugations in the image po-
tential are negligible, and that Z,z is equal to the coordi-
nate perpendicular to the surface. The joining of the im-
age potential to the local-density correlation potential is
done by taking V„„to be the larger of the two at each
point outside the surface.

Since the compensating potential well introduced in
our atomic calculations accounts for the surface dipole
effects, there is no need for the additional introduction of
a ramp potential to the expression for the total positron
potential: E now becomes equal to —@+, thus giving a
zero value for the ramp potential 5V.

C. Positrons at the Cu(100) surface

The positron is assumed to be in the ground state in
the image correlation well at the surface, and is delocal-
ized in the plane of the surface. The positron potential is
defined on the three-dimensional mesh with an initial
mesh spacing of 1.705 atomic units. The numerical solu-
tion of the Schrodinger equation is obtained using a
modified relaxation technique. The positron binding
energy and the positron wave function are found by itera-
tively solving for the energy, and then correcting the
wave function based on the energy, the positron poten-
tial, and the surrounding values of the wave function. In
numerical calculations of the positron binding energy the
mesh density is doubled repeatedly until the calculated
energy converges. The criteria for convergence is that
the resulting energy is within 10 Hartree of the previ-
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ous energy or that it is greater than the energy in the pre-
vious iteration. The computer code used in calculations
is characterized by the following: (a) the atomic positions
are supplied as input to the code; (b) the boundaries of
the calculation cell are input by the user; and (c) the
boundary conditions are periodic instead of symmetry re-
lated.

Initially calculations of the positron wave function and
positron binding energy are performed for the clean
Cu(100) surface. Calculations are performed using input
data largely taken from Ref. 14. The outermost plane of
substrate atoms is taken to reside at Z =O. The parame-
ter Zo is chosen to be one signer-Seitz radius of Cu from
the top layer of atoms along a reference line. The com-
puted positron binding energy Eb converges to 2.87 eV
compared to the experimental value of 2.77 eV. Plots23

of the positron potential and the ground-state positron
wave function are presented in Figs. 1 and 2. It follows
from these plots that the positron is trapped in the
image-correlation well just outside the clean Cu(100) sur-
face. The ground-state positron wave function is delocal-
ized in the surface plane, has its maximum about 3.07
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FIG. 2. Calculated ground-state wave function for a positron
trapped in a surface state at a clean Cu(100) surface. The upper
panel shows the 3D plot. The lower panel shows the contour
plot in the X-Z plane for F=O. The vacuum is at the left in the
lower panel. The minimum contour and the contour spacing
are 0.0025 a.u.
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FIG. 1. Calculated potential for a positron trapped in a sur-
face state at a clean Cu(100) surface. The upper panel shows the
3D plot. The lower panel shows the contour plot in the X-Z
plane for F=O. The vacuum is at the left in the lower panel.
Contours are separated by 0.05 Hartree.

D. Positrons at the Cu(100) surface with suhmonolayers of Cs
below the critical coverage

Computer simulations' ' of a distribution of Cs atoms
[produced by randomly depositing the adatoms on the
(100) surface of Cu and then allowing them to move on
the two-dimensional surface due to the forces from the
other adatoms and from the Cu substrate until Cs ada-
toms form a configuration corresponding to the lowest
potential energy] show that below the coverage of 0.6
physical monolayer, Cs atoms deposited on the Cu(100)
surface are distributed uniformly so that the standard de-
viation of the average distance between nearest neighbors
is small and there are no areas with a close-packed ar-
rangement of Cs atoms. The results of computer simula-
tions are consistent with studies of the spectrum of col-
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LEED observations. ' The variation of the electron
work function with the Cs coverage of the transition-
metal surfaces suggests that the Cs overlayer is essentially
neutral at coverages close to a full monolayer (when
Cs atoms are arranged in an ordered hexagonal-close-
packed structure). Calculations performed within the
framework of the local-density-functional theory of the
magnitude of the charge between neighboring alkali-
metal atoms indicate that the Cs overlayer has a metallic
character at coverages close to a full monolayer. Similar
results with respect to the properties of alkali-metal over-
layers on transition-metal surfaces are obtained in experi-
mental investigations by Lindgren and Wallden and
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the value of approximately 0.7 physical monolayer, the
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the positronium thermal activation energy does not de-
crease as fast as the electron work function with increas-
ing the Cs coverage. "' '

E. Positrons at the Cu(100) surface with submonolayers of Cs
above the critical coverage

Computer simulations of the distribution of Cs atoms
randomly deposited on the (100) surface of copper, dis-
cussed previously in Refs. 16 and 34, show that Cs ada-
toms start clustering at coverages of approximately 0.6
physical monolayer, and from the coverage of approxi-
mately 0.7 physical monolayer alkali-metal adatoms start
to form adsorbate islands increasing in area with a locally
ordered hexagonal-close-packed structure. Thus at a
critical Cs coverage of approximately 0.7 physical mono™
layer the Cs adsorbate in the Cs/Cu(100) system experi-
ences a structural phase transition from a disordered dis-
tribution of adatoms to adsorbate islands with a locally
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FIG. 9. Calculated potential for a positron trapped in a sur-
face state at a Cu(100) surface with an ordered hexagonal-close-
packed arrangement of the Cs adsorbate. The upper panel
shows the 3D plot. The lower panel shows the contour plot in
the X-Z plane for Y=O. The vacuum is at the left in the lower
panel. Contours are separated by 0.05 Hartree.
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of Cs atoms appear in the alkali-metal overlayer, signal-
ing the onset of a structural phase transition. In these or-
dered hexagonal-close-packed areas, Cs atoms lose their
atomic character and form the metallic adsorbate.

The case of the Cs coverage above the critical coverage
is modeled by the Cs adsorbate on the Cu(100) surface in
an ordered hexagonal-close-packed arrangement. This
arrangement of Cs adatoms, which correspond to the Cs
coverage of one physical monolayer, is not commensurate
with the Cu lattice due to the larger size of the Cs atom.
This noncommensurate lattice structure eliminates the
symmetry of the previously calculated ordered structures
of Cs on the (100) surface of Cu. The position of the im-
age surface Zo from the top layer of Cs atoms along a
reference line is chosen to be the Cs radius of 5.16 a.u.
due to the metallic character of the Cs adsorbate at the
coverage of one physical monolayer. Plots of the posi-
tron potential and the positron wave function are
presented in Figs. 9 and 10. The positron potential for

this Cs coverage contains small corrugations thai do not
extend into the substrate, but only exist on the vacuum
side of the Cs overlayer. Instead of being trapped in the
region between the Cs adsorbate and the Cu substrate,
the positron now [similar to the case of the clean Cu(100)
surface] is mainly localized on the vacuum side of the Cs
overlayer. The ground-state positron wave function has
its maximum about 2.91 a.u. outside the alkali-metal ad-
sorbate, and experiences a rapid drop with distance into
the Cu lattice with the Cs adsorbate. The other impor-
tant result is that the calculated positron binding energy
Eb for the Cs coverage of one physical monolayer is equal
to 4.37 eV and is substantially larger than that for the
clean Cu(100) surface. Thus the alkali-metal adsorption
leads to an increase in the positron binding energy via a
mechanism where at Cs coverages below the critical cov-
erage the positron becomes localized mainly in the region
between the Cu substrate and the Cs overlayer, and at
alkali-metal coverages exceeding the critical coverage the
positron becomes localized mainly on the vacuum side of
the Cs overlayer. The increase in the positron binding
energy together with the decrease of the electron work
function for Cs/Cu(100) (Refs. 11, 16, and 23) relative to
its value for the clean Cu(100) surface result in a small
change in the positronium activation energy E, with the
alkali-metal coverage, in agreement with experi-
m t 11,16,23

III. ANNIHILATIION CHARACTERISTICS
OO

O00

C
-0.73—

p.p )

ppps
A. Positron annihilation with core-level electrons

Since core-level electrons are more tightly bound than
valence electrons, electron-positron correlations are rela-
tively less important in calculations of the positron-
annihilation rate k„& with specific core-level electrons,
described by n and l, than in calculations of the total an-
nihilation rate A, (the inverse of the positron surface-state
lifetime), which is dominated by annihilation with
valence electrons. We therefore expect the independent
particle model (IPM), which neglects electron-positron
correlations, to provide a reasonable estimate of k„I.
%'ithin the IPM, the rate k„& is computed from the
overlap of positron and electron densities:

(3)

4.75—

10.23 -I

18.13
I I I I I I I I I

12.65 7.17 1.69
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FIG. 10. Calculated ground-state wave function for a posi-
tron trapped in a surface state at a Cu(100) surface with an or-
dered hexagonal-close-packed arrangement of the Cs adsorbate.
The upper panel shows the 30 plot. The lower panel shows the
contour plot in the X-Z plane for Y=O. The vacuum is at the
left in the lower panel. The minimum contour and the contour
spacing are 0.0025 a.u.

where ro is the classical electron radius, c is the speed of
light, 0' is the positron wave function, and +„& is the
wave function of the core electron described by quantum
numbers n and l. The summation is over all electron
states in the atomic level de6ned by quantum numbers n
and l. Comparison of experimental positron lifetimes
with calculations of positron-annihilation rates in metals
performed in Refs. 37—39 and angular correlation of an-
nihilation radiation (ACAR) results, " indicate that it is
necessary to multiply the IPM result by an enhancement
factor (of the order of 1 —3 for core electrons) to account
approximately for the electron-positron correlation
e6'ects, which would tend to increase the positron-
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B. Positron surface-state lifetime

The electron-positron correlation effects are much
more significant for valence electrons as compared to
core electrons. Therefore, in calculating the total annihi-
lation rate A, of the surface-trapped positrons, we take
correlation effects with valence electrons explicitly into
account by using the local-density-approximation (LDA)
approach, within which A, (the inverse of the positron
surface-state lifetime r) is found from the following equa-
tion:

mr Oc
2

f d r n+(r)n(r)I (n(r)),
e

(4)

where n+(r) is the positron charge density, n(r) is the
electron density, and I (n (r)) is the annihilation enhance-
ment factor in an electron gas of density n(r), which
takes account of the fact that the electrons are attracted
toward the positively charged positron, thus increasing
the overlap of the positron and core electron wave func-
tions and hence the annihilation rate. In earlier calcula-
tions ' the lifetime of a surface-trapped positron was
computed over the entire distribution of the positron
wave function. However, outside the metal surface the
LDA must break down since the positron correlation po-
tential is no longer related to the electron density at the
position of the positron, but is due to the presence of a
metal surface with a large number of accumulated elec-
trons on it. Far from the surface the positron correlation
potential must approach the long-range image potential.
To correct for the inherent inconsistency with the model-
ing of the positron correlation potential, a cutoff point in
the local contribution to the total annihilation rate within
the LDA is introduced as a point which divides space

annihilation rate. However, in those cases when one is
interested only in relative changes of k„& as a function of
adsorbate coverage, it is possible to neglect the enhance-
ment of the positron-annihilation rate due to electron-
positron correlations, since it is expected that the
enhancement factor would not vary much with the atom-
ic environment.

into the bulk and image-potential regions. The bulk and
image-potential regions are defined as regions of space
where the positron correlation potential is given by the
LDA and image potentials, respectively. It is possible to
modify the LDA result for A, by assuming the factor
I (n(r) ) to be nonzero for all r inside the bulk region, and
to be zero for all r inside the image-potential region, as-
suming the local annihilation rate in this region is zero.
Recent many-body calculations within the bulk region for
a homogeneous electron gas of various values of the
electron-density parameter r, result in the following in-
terpolation form for the annihilation enhancement factor
I (n(r)):

I (n(r))=1+1.23r, +0.8295r, ~ —1 26r, .

+O. 3286r, +r, /6,

where (4m. /3)r, n = l.

C. Numerical results

We have calculated the total positron annihilation rate
A, over the bulk region defined by the cutoff point. The
core annihilation probabilities p„& with the specific core
electron shells, described by quantum numbers n and I,
can be obtained by dividing the partial positron-
annihilation rate k„& with the different core shells by the
total positron-annihilation rate A, : p„ I

=A, „&/X. The
computed values of the positron surface-state lifetimes
with cutoff ~ and of the positron annihilation probabili-
ties p„ I with Cu 3s and 3p and with Cs 4p and 4d core-
level electrons for different ordered structures of the Cs
adsorbate on the Cu(100) surface below and above the
critical alkali-metal coverage are presented in Table I. It
follows from our calculations that the shift in localization
of the positron bound state from the Cs/Cu interface (at
alkali-metal coverages below the critical coverage) to the
vacuum side of the alkali-metal overlayer (at the Cs cov-
erage of one physical monolayer) results in a sharp reduc-
tion of the magnitude of the overlap of the positron and
the Cu 3s and 3p electron densities. Consequently, the
sum of the probabilities for the positron trapped in the

TABLE I. Calculated values of positron surface-state lifetimes with cuto8; and of positron-
annihilation probabilities with Cu 3s and 3p core-level electrons, as well as with Cs, 4p and 4d core-level
electrons for clean and Cs-covered Cu(100) surfaces. All coverages are given in terms of the surface-
atomic density of the hexagonal-close-packed array of Cs atoms on the Cu(100) surface, which corre-
sponds to the Cs coverage of one physical monolayer [the maximum Cs coverage within a single layer
on the Cu(100) surface].

System
Cs coverage
(monolayer)

7

(ps) Cu 3s Cu 3p Cs 4p Cs 4d

Positron-annihilation probabilities with
core-level electrons

(%)

Clean Cu(100)
Cu(100) +Cs
Cu(100) +Cs
Cu(100)+ Cs
Cu(100) +Cs

0.124
0.248
0.496
1.000

615
509
515
543
466

0.915
0.602
0.582
0.457
0.092

3.348
2.202
2.132
1.672
0.340

0.024
0.025
0.038
0.058

0.079
0.082
0.127
0.193
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surface state to annihilate with Cu 3s and 3p core-level
electrons at the alkali-metal coverage of one physical
monolayer experiences a considerable drop to 0.43%
compared with 4.26% for the clean Cu(100) surface, and
compared with 2.80%, 2.71%, and 2.13% for the cases of
the ordered p(4X4), c(4X4), and p(2X2) structures of
the Cs adsorbate on the Cu(100) surface, respectively,
which correspond to alkali-metal coverages below the
critical Cs coverage. It also follows from our calculations
that at Cs coverages below the critical alkali-metal cover-
age the sum of the positron-annihilation probabilities
with Cu 3s and 3p core-level electrons, o.c„, considerably
exceeds the sum of the positron-annihilation probabilities
with Cs 4p and 4d core-level electrons, o.c,. At the
alkali-metal coverage of one physical monolayer,
o.c„=o.c„and both are considerably smaller than the
clean Cu(100) surface value of o c„. The change in calcu-
lated positron surface-state lifetimes with the Cs coverage
rejects the change in the location of the maximum of the
positron surface state for different alkali-metal coverages
as well as the change in the spatial exterit of the bulk re-
gion and of the positron surface state with the Cs cover-
age.

IV. DISCUSSION

The theoretical results presented in this paper for the
localization of the positron surface state and for annihila-
tion probabilities of surface-trapped positrons with
relevant Cu core-level electrons are consistent with the
predictions of Nieminen and Jensen and calculations
performed in Ref. 11 only for Cs coverages below the
critical alkali-metal coverage of approximately 0.7 physi-
cal monolayer. At these Cs coverages the calculated pos-
itron wave function is found to have its maximum be-
tween the Cs overlayer and the Cu substrate. The fact
that the calculated positron wave function is not pushed
away from the Cu substrate by the alkali-metal overlayer
leads to the prediction that the annihilation probabilities
of surface-trapped positrons with relevant Cu core-level
electrons at these alkali-metal coverages do not vary sub-
stantially with Cs coverage. However, our calculations
indicate that the positron surface state is found to be lo-
calized mainly on the vacuum side of the alkali-metal
overlayer at the Cs coverage of one physical monolayer.
This location of a positron bound state results in a
dramatic decrease of the annihilation probabilities of a
surface-trapped positron with relevant Cu core-level elec-
trons, since the overlap between the positron wave func-
tion and the Cu 3s and 3p core-level electron functions
considerably decreases at this coverage. These theoreti-
cal results deviate significantly from predictions of Niem-
inen and Jensen and calculations performed in Ref. 11.
In calculations of positron surface states for alkali-metal-
covered transition-metal surface performed in Refs. 11
and 25, the authors neglected the fact that the alkali-
metal overlayer on the transition-metal surface at cover-
ages close to one physical monolayer can be considered as
a metallic adsorbate, and the correlation effects in
Cs/Cu(100) at these coverages should be treated
differently than in the case of the Cs coverage below the

-0.07
Auger Ratio

0.00 0.07 0.14 0.21

~ - 0.75-

0.25—

075 o
C4

0.5

025 8

0
-0.50 0.00 0.50 1.00

Monolayer Coverage

0
1.50

FIG. 11. Calculated sum of the annihilation probabilities
(open squares) of a positron trapped in surface states with Cu 3s
and 3p core-level electrons for various ordered arrangements of
the Cs adsorbate on the Cu(100) surface normalized to the clean
Cu(100) surface value. Measured values of the intensity of the
positron-annihilation-induced Cu M2 3 VV Auger signal, nor-
malized to the clean Cu(100) surface value and to the fraction of
positrons that annihilate in the surface state, II (closed circles),
as a function of the ratio of the electron-annihilation-induced
Cs (563 eV) to the Cu (920 eV) Auger peaks for the system
Cs/Cu(100) at 163 K are taken from Ref. 11. The Cs coverage
is approximately proportional to the Auger ratio. A ratio of
0.14 corresponds to the alkali-metal coverage of one physical
monolayer.

critical one of approximately 0.7 physical monolayer.
First-principles calculations of the positron surface

state at the (100) surface of Cu covered with submono-
layers of Cs performed in this paper provide theoretical
justifIcations for the phenomenological double-well model
used in Refs. 15 and 16 to explain the sharp drop in the
normalized Cu M2 3 VV PAES intensity at the critical Cs
coverage.

In Fig. 11 we compare our calculations of the sum of
the annihilation probabilities of a positron trapped in the
surface state with Cu 3s and 3p core-level electrons for
different ordered arrangements of the Cs adsorbate nor-
malized to the clean Cu(100) surface value with the re-
sults of measurements performed at 163 K of the normal-
ized Cu M2 3 VV PAES intensity, II, as a function of the
ratio R of the electron-annihilation-induced Cs (563 eV)
to the Cu (920 eV) Auger peaks for the system
Cs/Cu(100) taken from Ref. 11. The Cs coverage is ap-
proximately proportional to the Auger ratio R. A ratio
of 0.14 corresponds to the alkali-metal coverage of one
physical monolayer. Since core-hole excitations in the
outer-shell core levels result in an Auger-electron emis-
sion with almost unit probability, the intensity of the
positron-annihilation-induced Cu M2 3 VV Auger signal
normalized to the clean Cu(100) surface value and to the
fraction of positrons that annihilate in the surface state
should be approximately proportional to the sum of the
positron-annihilation probabilities with Cu 3s and 3p
core-level electrons (contributions to the PAES intensity
from deeper core levels are much smaller due to the
repulsion of the positron from the nucleus). ' The propor-
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tionality is not exact because of the attenuation caused by
the inelastic scattering of the outgoing Auger electrons
exiting from the surface as they traverse the Cs overlayer.
Thus the increased attenuation resulting from the in-
creased Cs coverage would cause the measured PAES in-
tensity to fall off slightly faster with the Cs coverage than
the core-annihilation probability. We estimate that this
effect would lead to a deviation of less than 20%%uo from
proportionality over the range in which the Cu Auger
signal is significant. "' ' As can be seen from Fig. 11,
the alkali-metal coverage dependence of the calculated
sum of annihilation probabilities of a positron trapped in
a surface state with Cu 3s and 3p core-level electrons
reproduces changes with the Cs coverage of the normal-
ized Cu M23VV PAES intensity. At low Cs coverages
both the sum of the Cu 3s and 3p core-annihilation prob-
abilities and the measured Cu M2 3 VV PAES intensity
are a substantial fraction of the values obtained from the
clean Cu(100) surface. At the Cs coverage corresponding
to one physical monolayer both the calculated and mea-
sured values are only a few percent of the clean Cu sur-
face values. This sharp decrease seen in the normalized
Cu M2 3 VV PAES intensity at an alkali-metal coverage of
approximately 0.7 physical monolayer can be understood
in terms of the structural phase transition in the Cs over-
layer at that coverage from a disordered distribution of
adatoms to an arrangement of adsorbate metallic islands
with a locally ordered hexagonal-close-packed structure,
as indicated in molecular-dynamics calculations. ' ' ' It
should be noted that at low coverages the Cs overlayer is
not fully ordered. Consequently, calculations performed
for the ordered Cs overlayers on the Cu(100) surface for
alkali-metal coverages below the critical Cs coverage
probably underestimate annihilation probabilities of the
surface-trapped positrons with Cu 3p core-level electrons
due to the fact that in a disordered system the positron
can be expected to seek out regions of lower Cs coverage
and, thus, to be in a closer contact with the Cu core.

At the present time, the available experimental data for
Cs PAES intensities do not permit a comparison of
theory and experiment corresponding to the one shown
in Fig. 11 for Cu. As discussed in Sec. III, our calcula-
tions indicate that even at high-Cs coverages the sum of
probabilities of a positron trapped in a surface state to
annihilate with Cs 4p and 4d core-level electrons is only a
small fraction of the sum of positron-annihilation proba-
bilities with Cu 3s and 3p core-level electrons for the
clean Cu(100) surface. In addition, at high-Cs coverages,
even when the temperature is lowered to inhibit the
thermal desorption, a minimum of approximately 70% of
the incident positrons are emitted as positronium, mak-
ing them unavailable to contribute to the PAES signal [as
compared with approximately 50% of the positronium
emission for the clean Cu(100) surface at room tempera-
ture]. As a consequence, the Cs N4 5 VV PAES signal can
be expected to be only a small fraction of the Cu M2 3 VV
PAES signal for the clean Cu(100) surface, thus making it
very difficult to measure using currently available posi-
tron beam cruxes and reasonable data accumulation times.
Preliminary measurements performed at 173 K indicate
that, at the Cs coverage corresponding to approximately

one physical monolayer, the relative Cs N4 5 VV PAES in-
tensity [normalized to the Cu M23 VV PAES intensity
from the clean Cu(100) surface and to the fraction of pos-
itrons that annihilate in the surface state] is 0.07+0.06.
The Cu M2 3 VV PAES intensity at this Cs coverage was
found to be equal, within the accuracy of the measure-
ment, to the Cs N4 5 VV PAES intensity. These values
may be compared with the sum of the annihilation proba-
bilities of the positron trapped in the surface state with
relevant Cu and Cs core-level electrons calculated for the
Cs coverage of one physical monolayer divided by the
sum of the Cu 3s and 3p core-annihilation probabilities
for the clean Cu(100) surface (see Table I): 0.06 for the
Cs 4p and 4d core-level electrons, and 0.10 for the Cu 3s
and 3p core-level electrons, respectively. Thus the results
of preliminary low-temperature measurements of the Cu
and Cs PAES intensities are consistent with theoretical
predictions.

V. CONCLUSIONS

We have performed a microscopic analysis of the
alkali-metal coverage dependence of the normalized Cu
M2 3 VV PAES intensity by performing first-principles
calculations of the positron surface states and corre-
sponding positron-annihilation characteristics for the
Cu(100) surface covered with submonolayers of Cs. The
positron has been treated as a single charged particle
trapped in a correlation well in the proximity of surface
atoms. Image-potential-induced positron surface states
have been calculated for various ordered structures of the
Cs adsorbate on the Cu(100) surface below and above the
critical alkali-metal coverage of 0.7 physical monolayer
using the corrugated-mirror model in a full three-
dimensional geometry.

The positron surface state has been found to be local-
ized mainly in the region of the Cs/Cu(100) interface at
Cs coverages below the critical alkali-metal coverage.
Contrary to previous calculations of the positron surface
state at the alkali-transition-metal surface, we have taken
into consideration explicitly that the Cs overlayer at cov-
erages close to one physical monolayer behaves as a me-
tallic adsorbate. At the Cs coverage corresponding to
one physical monolayer the positron surface state has
been found to be mainly localized on the vacuum side of
the Cs adsorbate. It has been found that the Cs adsorp-
tion on the Cu(100) surface leads to an increase in the
positron surface-state binding energy. This increase in the
positron binding energy together with the decrease of the
electron work function for Cs/Cu(100) relative to its
value for the clean Cu(100) surface result in a small
change in the positronium activation energy with alkali-
metal coverage, in agreement with experiment.

The impact of various arrangements of the Cs adsor-
bate on annihilation probabilities of surface-trapped posi-
trons with Cu 3s and 3p core-level electrons as well as
with Cs 4p and 4d core-level electrons has been studied,
and positron surface-state lifetimes have been calculated.
It has been shown that due to the location of the positron
surface state mainly between the Cs adsorbate and the
Cu(100) surface below the critical alkali-metal coverage,
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the sum of the annihilation probabilities of surface-
trapped positrons with Cu 3s and 3p core-level electrons
does not change significantly from the clean Cu surface
value. The shift in localization of the positron surface
state from the Cs/Cu interface to the vacuum side of the
Cs overlayer due to the metallization of the Cs adsorbate
has resulted in a sharp decrease in the calculated com-
bined positron-annihilation probabilities with Cu 3s and
3p core-level electrons.

Trends found in the calculations of annihilation proba-
bilities of positrons trapped in surface states for various
ordered structures of the Cs adsorbate on the Cu(100)
surface are in agreement with experimental measure-
ments of the positron-annihilation-induced Cu Mp 3 VV
Auger signal with the Cs coverage below and above the
critical alkali-metal coverage of approximately 0.70 phys-
ical monolayer, performed at 163 K. In particular, they
reproduce the sharp reduction in the Cu PAES intensity
observed at a Cs coverage of one physical monolayer.

The results of the calculations of positron-annihilation
probabilities with the Cs 4p and 4d core-level electrons
are consistent with measurements of a small low-
temperature Cs N4 5 VV PAES signal for the alkali-metal
coverage of one physical monolayer on the Cu(100) sur-
face. Thus the results of PAES studies of the Cu(100)
surface covered with submonolayers of Cs are consistent
with the image-potential-induced surface-state model.
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