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Recent studies of Si(100) and Si(111) using positron annihilation induced Auger-electron spectroscopy
(PAES) reveal that experimental annihilation probabilities of surface trapped positrons with relevant Si core-
level electrons differ significantly for two faces of clean Si, an elemental semiconductor. These experimental
results are investigated theoretically by performing calculations of the “image-potential” positron surface states
and annihilation characteristics of the surface trapped positrons with relevant Si core-level electrons for the
ideally terminated, nonreconstructed and reconstructed Sis100d-s231d and Sis111d-s737d surfaces. Com-
puted positron surface binding energies demonstrate their sensitivity to the specific atomic structure of the
topmost layers of surfaces, and, when compared to positron work functions, the stability of positron surface
states on all studied Si(100) and Si(111) surfaces. The positron surface state wave function was found to be
localized in a potential well on the vacuum side at both nonreconstructed semiconductor surfaces. Thes2
31d reconstruction of the Si(100) surface causes the positron surface state wave function to extend into the
lattice in the regions where atoms are displaced away from their ideal terminated positions. A comparison of
theoretical and experimental positron surface binding energies for Si(100) shows that the best agreement is
achieved when the reconstructed Sis100d-s231d surface is described within the asymmetric dimer model.
Calculations indicate that the positron surface state wave function is localized in all three dimensions in the
corner hole regions of the reconstructed Sis111d-s737d surface. This localization provides an explanation for
previous experiments that failed to show the anisotropy in the electron-positron pair momentum density
distribution expected for a positron surface state delocalized in the plane of the surface. Positron annihilation
characteristics are calculated for each surface and compared with experimental positron spectroscopy data.
These calculations reveal strong dependence of positron annihilation characteristics on the crystal face of clean
Si in contrast to the much smaller face dependence found on clean metal surfaces. Annihilation probabilities of
surface trapped positrons with Si2s- and2p-core-level electrons are found to be significantly smaller for the
reconstructed Sis111d-s737d surface when compared with the results for the reconstructed Sis100d-s231d
surface, in agreement with experimental PAES data. These results indicate that PAES intensities, which are
proportional to core annihilation probabilities, are sensitive to the crystal face and surface structure of an
elemental semiconductor.
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I. INTRODUCTION

Spatially extended “image-potential” electronic states
near the surfaces of conductors have been intensely studied
both theoretically and experimentally due to their role in
surface phenomena and interest in quantum states of reduced
dimensionality.1,2 Like electrons, positrons can have surface-
bound states localized in the region of the vacuum-medium
interface.3,4 These surface states are the consequence of the
interplay between repulsion from the surface ionic cores and
electron–positron correlations just outside the surface result-
ing in an attractive interaction. Their properties are critically
dependent on the nature of the short-range “correlation well”
in the vicinity of the surface atoms. Unlike the electron case,
the “image-potential” surface states for positrons typically
have lower energies than the bulk positron states, and these
states form a trap for positrons that encounter the surface.
The existence of positron surface states on metal and semi-
conductor surfaces has been demonstrated by the observation
that positrons could be thermally desorbed from clean sur-
faces at elevated temperatures as positronium.5–8

Positron surface states and annihilation characteristics of
low energy positrons trapped at metal and semiconductor
surfaces are of interest because of the possibilities of using
positrons in the development of new probes of surfaces, thin
films, and nanostructures. In addition, the positron annihila-
tion characteristics provide a means of studying fundamental
questions pertaining to the nature of “image-potential” posi-
tron surface states, which are examples of “quasi-two-
dimensional” states of distinguishable, light, quantum par-
ticles.

Experimental studies of the nature and localization of the
positron bound states at metal surfaces, both clean and
adsorbate-covered, have been performed using a surface
characterization technique, positron annihilation induced Au-
ger electron spectroscopy(PAES).9–16 Under the conditions
used in PAES experiments most of the low energy positrons
implanted into the sample under study diffuse back to the
vacuum–solid interface where on the order of half are
trapped into a surface state. A certain fraction of the surface
trapped positrons annihilates with neighboring core-level
electrons, creating core-hole excitations that give rise to
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Auger-electron emission. The intensities of the measured
positron annihilation induced Auger signals are directly re-
lated to the core annihilation probabilitiespn,l, the fractions
of positrons trapped in the surface state annihilating with
electrons from different core shells with principal and angu-
lar momentum numbersn and l.9,17

Recently, the PAES technique has been applied to study
the positron surface states and the positron annihilation in-
duced Auger spectra from two different faces of an elemental
semiconductor,17 Sis100d-s231d and Sis111d-s737d. PAES
signals obtained from both semiconductor surfaces display a
strong Auger peak in the measured energy range correspond-
ing to theL2,3VV Auger transition for Si(see Figs. 1 and 2
from Ref. 17). Several important facts can be deduced from
the experimental PAES data taken from the Si(100) and
Si(111) surfaces.17

First, unlike different surfaces of transition metals,18–24

the PAES signals from the two Si surfaces are significantly
different. The experimental probability of annihilation of the
surface trapped positrons that results in a Si2p core hole
calculated from the PAES intensities has been found to be:
2.01% ±0.02% and 0.65% ±0.01% for the reconstructed
Sis100d-s231d and Sis111d-s737d surfaces, respectively.17

In contrast the clean transition metal surfaces show little
variation of positron annihilation characteristics for different
surfaces of the same transition metal.18–24Second, the PAES
intensities for Si are significantly smaller than the corre-
sponding Auger signal intensities at transition metal
surfaces.18 Third, the experimental probabilities of annihila-
tion of the surface trapped positrons with Si core-level elec-
trons calculated from the PAES intensities for both Si sur-
faces are significantly smaller compared to the ones obtained
for the Cu(100) and Cu(111) surfaces.16,17

In this paper we present the results of theoretical studies
of positron surface states and positron annihilation character-
istics at the(100) and (111) surfaces of Si with different
reconstructions. Such studies are indispensable for interpret-
ing PAES experiments and clarifying the formation, stability,
and localization of positron surface states at semiconductor
surfaces. They provide surface structure dependence of prob-
abilities of annihilation of the surface trapped positrons with
Si core-level electrons.

The remainder of this paper is organized as follows. Sec-
tion II details the construction of a potential for a positron at
a semiconductor surface. Section III presents the results of
calculations of positron surface states at the ideally termi-
nated, non-reconstructed and reconstructed Sis100d-s231d
and Sis111d-s737d surfaces. Positron annihilation character-
istics are reported in Sec. IV. The computed positron surface
state annihilation characteristics are compared with experi-
mental PAES data and with positron annihilation character-
istics obtained for bulk Si and Cu, and for the clean(100)
and (111) surfaces of Cu. Annihilation probabilities of the
surface trapped positrons with relevant Si core-level elec-
trons are found to be significantly smaller for the recon-
structed Sis111d-s737d surface when compared with the re-
sults for the reconstructed Sis100d-s231d surface, in
agreement with experimental data. Conclusions are summa-
rized in Sec. V.

II. POSITRON POTENTIAL AT A SEMICONDUCTOR
SURFACE

We perform calculations of positron surface and bulk
states in the present paper using the modified superimposed-
atom method to account for discrete-lattice effects.4,22 Earlier
calculations based on this method have been successful in
analyzing the formation and localization of the positron sur-
face states at transition metal surfaces.19–22This approach is
computationally efficient and makes a study of reconstructed
surfaces possible using the same techniques as for non-
reconstructed surfaces.

We describe the positron potentialV+ srd at a semiconduc-
tor as an electrostatic Hartree(Coulomb) potentialVHsrd, and
a correlation potentialVcorrsrd:

V+srd = VHsrd + Vcorrsrd. s1d

The Hartree potentialVHsrd is constructed as a superposition
of the atomic Coulomb potentialsVCoul

at sur −Rud from all the
atoms located within a predetermined radius of the evalua-
tion point, whereR defines the positions of the host nuclei.

Atomic calculations for the Si atom are performed within
the local-spin-density approximation25 using the exchange-
correlation functional and atomic configurations from Refs.
26 and 27, respectively. The Schrödinger equation is solved
self-consistently for each bound electron state of the Si atom.
The criterion for convergence is that the change in the energy
of each bound electron from one iteration to the next is less
than 10−8 H. The resulting wave functions are then used to
find the electron densities and corresponding atomic poten-
tials via Poisson’s equation. The crystal structure and the
lattice constant for bulk silicon are taken from Ref. 28. The
resulting total electron densityn−srd at the semiconductor
surface is approximated by the superposition of the calcu-
lated atomic electron densities:

n−srd = o
R

n−
atsur − Rud, s2d

where R summation takes place over the positions of the
nuclei. We note that in bulk semiconductors, the superim-
posed electron density provides a good estimate of the elec-
tron density in the interstitial region(the region in which the
positron wave function is mainly localized in the bulk).29

The resulting Hartree potentialVHsrd is constructed in a
similar way:

VHsrd = o
R

VCoul
at sur − Rud. s3d

The positron-electron correlation potentialVcorrsrd reflects
the response of the electron charge density to the presence of
the positron by taking into account many body effects. As in
the case of metal surfaces, in constructingVcorrsrd at a semi-
conductor surface, we exploit the fact that the electron den-
sity is much higher near the surface of a semiconductor than
it is in the vacuum, far from the surface. The correlation
component of the positron potentialV+srd in the region
where the electron density is high(deep inside) is well de-
scribed using the local density approximation(LDA ). The
image-type potential is used to describe the correlation com-
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ponent ofV+srd in the region far outside the semiconductor
surface, where the electron density is assumed to be zero. We
then divide the space into two regions, namely, the bulk and
image potential regions, where the two models are applied.
The boundary between these regions is chosen to pass
through the crossover point of the bulk and image-type po-
tentials, located immediately outside the surface.

In the LDA Vcorrsrd is obtained at a given position by
considering the positron to be embedded in a homogeneous
electron gas with an electron densityn− corresponding to the
electron density at that particular point, i.e.,

Vcorrsrd = Vcorr
LDAsr ;n−d = Vcorr

EG sn−dffsn−,«gdg1/3, s4d

whereVcorr
EG sn−d is the correlation energy for a positron in a

homogeneous electron gas30 of densityn−. When construct-
ing Vcorr

LDAsr ;n−d we take into consideration that valence elec-
trons in semiconductors, due to the existence of a band gap,
do not respond to an external perturbation as effectively as
conduction electrons in metals. As a result, the screening of a
positron by valence electrons in semiconductors is not per-
fect. In addition, the positron is much lighter than the ions,
which have no time to rearrange in response to the instanta-
neous position of the positron. Consequently, the asymptotic
form of the long-range Coulomb potential due to the positron
should be proportional to 1/«`r, where «` is the high-
frequency dielectric constant of the medium, and the screen-
ing cloud Dn−srd, induced by the positron in the medium
characterized by the dielectric constant«`, should satisfy the
following sum rule for the induced electron density:

E
0

`

Dn−srd4pr2dr = S1 −
1

«`
D . s5ad

The electron densityn−srd screening the positron at the ori-
gin sr =0d satisfies the cusp condition:

U ]n−srd
]r

U
r=0

= − n−s0d. s5bd

The functionfsn−,«gd in Eq. (4) is a reduction factor which
accounts for the diminished screening response of semicon-
ductors to charged particles due to the existence of a band
gap, in comparison to metals for whichf =1. The “gap pa-
rameter” «g describes the effect of the band gap on the
electron-positron correlation, and is related to the widths of
the band gap and the valence band as«g=Eg/EF, whereEF is
the Fermi energy. According to calculations of Brandt and
Reinheimer31 of a reduction factorf for a set ofrs and «g
values, a reasonable fit to their numerical data, obtained from
screening calculations for point charges in a model semicon-
ductor, can be obtained using the following interpolation for-
mula:

fsn−,«gd = 1 −
0.37«g

1 + 0.18rs
, s6d

with rS=s3/4pn−d1/3. The parameter«g was determined in
Ref. 31 in terms of the high-frequency dielectric constant«`

of the semiconductor under consideration. In the present

work we treat«g as a parameter, and use the value,«g=0.2,
which was shown to reproduce well the experimental anni-
hilation rates for delocalized positron states in several IV–
and III–V-type semiconductors.32 In this work we use the
parametrized version for the electron-positron correlation en-
ergy per electron for a positron in a homogeneous electron
gas proposed by Boronski and Nieminen.33

The positron-electron correlation potential outside the
semiconductor surface described by the image-type potential
is constructed to have the same corrugations as the total elec-
tron densityn−srd:

Vimagesrd = −
e2

16p«0

s«` − 1d
s«` + 1d

1

fZefffn−srdg − Z0g
, s7d

wheree is the charge of a positron,«0 is the vacuum permit-
tivity, «` is the high-frequency dielectric constant of the
semiconductor,Zefffn−srdg is the effective distance from the
surface, represented as a function of the total electron density
at the surface,n−srd, andZ0 defines the effective image-plane
position on the vacuum side of the top layer of atoms. The
joining of the image-type potential to the local density cor-
relation potential is done by takingVcorrsrd to be the larger of
the two at each point outside the surface.

The presence of the occupied electron surface states and
the charge imbalance resulting from the termination of bulk
semiconductor, affect the electron distribution functions at
the surface. To account for these charge rearrangement ef-
fects on the electron distribution functions and the positron
potential at the Si(100) and Si(111) surfaces within the
superimposed-atom method, calculations of the positron sur-
face state are performed with the addition of a ramp potential
Vsurfszd to the expression for the total positron potential
V+srd:

Vsurfszd = 5DV, z, z1,

DVsz− z2d/sz1 − z2d, z1 , z2

0, z. z2.
6 s8d

The coordinatesz1 and z2 define the spatial extent of the
surface charge arrangement area. The height of the ramp po-
tentialDV is adjusted for the surface to provide the potential
felt by the positron at the semiconductor surface that gives
the proper positron work function for each surface.

III. POSITRON SURFACE STATES

The positron potential and the electron density are defined
at the node points of the three-dimensional mesh forming a
polyhedron that, due to symmetry considerations, is capable
of describing the potential and wave functions at the entire
surface. The positron is assumed to be in the ground state
and delocalized in theXY plane of the semiconductor sur-
face, and to have a crystal momentum in this plane ofk =0.
The outermost plane of Si atoms is taken to reside atZ=0.
The extent of the positron surface state wave function into
the vacuum outside the semiconductor surface and inside the
semiconductor lattice is determined by the computational
cell boundaries in the direction perpendicular to the surface
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(Z direction). These boundaries are chosen to be far(up to
ten lattice parameters) from the topmost layer of Si atoms.

A discretized version of the three-dimensional
Schrödinger equation for the positron eigenenergy and the
positron surface state wave function:

−
"2

2m
¹2ci

+srd + fVHsrd + Vcorrsrd + Vsurfszdgci
+srd = Eici

+srd,

s9d

is solved numerically using a finite difference relaxation
technique.4,34 The positron surface state energy and the pos-
itron surface state wave function are found through itera-
tively solving for the energy, and then correcting the wave
function based on the energy, the positron potential, and the
values of the wave function at the surrounding mesh points.
The computer code used in calculations is discussed in Ref.
23. Delocalized states in the plane of the semiconductor sur-
face (the XY plane) are obtained by using boundary condi-
tions which continue the wave function through the polyhe-
dron surfaces(in the X and Y directions). The image plane
position Z0 is determined from Lang–Kohn theory.35 The
high frequency dielectric constant«` equals 12.0 for Si.36

Initially we perform calculations of the energy of the low-
est lying positron bulk stateE`

theor relative to the vacuum zero
level in bulk Si terminated by the(100) and(111) surfaces to
determine the heightDV of the ramp potential for all nonre-
constructed and reconstructed Si surfaces that is used later in
the positron surface state calculations(the value ofDV for
each surface is determined by the condition thatE`

theor equals
−F+

exper). To avoid inconsistencies in calculations of the pos-
itron work function F+

theor and the positron binding energy
Eb

theor, associated with the use of different computational
schemes, potentials, and different energy reference levels, we
perform calculations of the energy of the lowest lying posi-
tron bulk state within the modified superimposed-atom
method employing the same total positron potential and the
same energy reference level(the vacuum zero) that are used
in positron surface state calculations. The lowest lying posi-
tron bulk state energiesE`

theor in bulk Si terminated by the
(100) and (111) surfaces are found by solving the three-
dimensional Schrödinger equation numerically using the fi-
nite difference relaxation technique.4,34 Atomic structures of
the non-reconstructed and reconstructed Si(100)-s231d and
Si(111)-s737d surfaces used in numerical calculations are
discussed later. Similar to the positron surface state calcula-
tions, the electron density and the positron potential are cal-
culated at the node points of a three-dimensional mesh. It is
assumed that the positron wave function deep inside the bulk
Si approaches periodicity in theZ direction with a period of
one lattice parameter and that the positron wave function
with k =0 is the lowest Bloch state. The density of mesh
points in the bulk state calculations is chosen to be similar or
larger than the ones used in the surface state calculations.
The results forF+

exper, E`
theor and DV obtained for bulk Si

terminated by the(100) and (111) surfaces are displayed in
Table I.

A. Positrons at the non-reconstructed Si(100) and Si(111)
surfaces

The initial calculations of the positron surface state wave
function and positron surface binding energy are performed
for the clean non-reconstructed Si(100) and Si(111) surfaces.
The crystal structure and the lattice constant for Si are taken
from Ref. 28. The non-reconstructed(100) and (111) sur-
faces of Si in the diamond cubic structure have a square unit
cell, and their surface atoms are second nearest neighbors.
The outermost plane of Si atoms is taken to reside atZ=0.
The effective image-plane positionZ0 is determined to be
2.88 a.u. for Si(100) and 3.82 a.u. for Si(111) from the top
layer of atoms along a reference line. The height of the ramp
potentialDV is found to be equal to 0.78 and 1.02 eV for the
Si(100) and Si(111) surfaces, respectively(see Table I) from
a comparison of the calculatedE`

theor in bulk Si terminated by
the (100) and(111) surfaces and the experimentalF+

exper de-
termined for both surfaces.37

Tight-binding calculations38,39 indicate that the non-
reconstructed Si(100) surface gives rise to two bands of elec-
tron surface states in the energy gap between the valence and
conduction bands. One band(the dangling bond band) has its
electron density localized about a line through and normal to
the surface atoms, with a node on the atoms. The other band
(the bridge bond band) has its charge density located around
a line through a row of surface atoms and pointing toward
neighboring surface atoms in the[110] direction. It follows
from tight-binding calculations of the surface electronic
structure38,39 that the non-reconstructed Si(111) surface gives
rise to a highly localized surface state band in the fundamen-
tal gap. In addition, both non-reconstructed surfaces give rise
to electron “back-bond” surface states in one of the gaps of
the projected valence band with corresponding charge den-
sity localized between the top and the second layers. Accord-
ingly, the position of the start of the ramp potential,z1, is
taken to coincide with the plane of the second layer of Si
atoms[z1 is equal to −2.565 and −1.482 a.u. for the Si(100)

TABLE I. Experimental positron work functionF+, theoretical
ground state energy for the bulkE`, and the ramp potentialDV for
the clean nonreconstructed Si(100) and Si(111) surfaces, the recon-
structed Sis100d-s231d surfaces described within symmetric and
asymmetric dimer models, and the reconstructed Sis111d-s737d
surface described within the DAS model.

System
F+ (eV)

Experiment
E` (eV)
Theory DV (eV)

Nonreconstructed Si(100) 0.3a,b −0.30 0.781

Reconstructed Sis100d-s231d
symmetric dimer model

0.3a,b −0.30 0.782

Reconstructed Sis100d-s231d
asymmetric dimer model

0.3a,b −0.30 0.931

Nonreconstructed Si(111) 0a,b 0.00 1.018

Reconstructed Sis111d-s737d
DAS model

0a,b 0.00 1.061

aReference 37.
bReference 40.
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and Si(111) surfaces, respectively] and the end of the ramp
potential,z2, is set at distanced/2 above the plane of the top
atoms, whered is the interlayer spacing.

The plots of the positron potential for the valueY* =0 for
the Si(100) and Si(111) surfaces are presented in Figs. 1 and
2, respectively. Note, in all plots in the paper theX* and Y*

axes are taken along the[110] and f1̄10g directions, respec-
tively. It may be seen in these plots that, similar to the case
of transition metal surfaces, the positron potential for the
non-reconstructed(100) and (111) surfaces of Si contains
small corrugations on the vacuum side of the topmost layer
of Si atoms. The corresponding positron surface state wave
functions for the valueY* =0 for the non-reconstructed
Si(100) and Si(111) surfaces are shown in Figs. 3 and 4,
respectively. The positron is trapped mainly in the “quasi-
one-dimensional” image-correlation well just outside the
clean non-reconstructed surfaces of Si. The “quasi-2d” pos-
itron surface state wave function has its maximum about
2.32 and 3.07 a.u. outside the topmost layer of atoms for

Si(100) and Si(111), respectively, and experiences a rapid
drop with distance into the semiconductor lattice and over-
laps very little with atoms of the second layer and beyond.
Similar behavior of the positron surface state wave function
has been observed at the clean transition metal surfaces. The
computed binding energies of a positron trapped at the non-
reconstructed(100) and (111) surfaces of Si converge to
Eb

theor=2.53 eV andEb
theor=3.20 eV with respect to vacuum

compared to the experimental values ofEb
exper=2.06s7d eV

and Eb
exper=2.69 eV, respectively.5,40 For both the non-

reconstructed Si(100) and Si(111) surfaces the binding en-
ergy of the positron is larger than the corresponding positron
work function. Thus, the calculated positron surface states
are the ground states for both surfaces. The binding energy
Eb values calculated for the Si(100) and Si(111) surfaces are
comparable to the ones obtained for corresponding surfaces
of Cu. As with their transition metal counterparts,Eb

theor is
larger for the Si(111) surface as compared to the Si(100)
surface due to the Si(111) surface’s higher atomic surface
density and its correspondingly larger surface electron den-
sity.

B. Positrons at the reconstructed Si„100…-„2Ã1… surface

At room temperature, the(100)-oriented surface of Si ex-
hibits as231d reconstruction in which the atoms of adjacent

atom rows along thef1̄10g direction lean toward each other
forming dimers.41 Though the Sis100d-s231d surface has
been extensively studied, there is still a question under de-
bate as to whether the dimers are symmetric or
asymmetric.41–47 According to the symmetric dimer
model41–45 for the s231d reconstruction, adjacent rows of
surface atoms spontaneously move in the surface plane to
join via their bridge bond and form double rows along the

f1̄10g direction. It is assumed that the reconstruction keeps
the bond lengths the same as in the bulk but distorts bond
angles. Thus, the surface atomic displacements have both a
horizontals1.4178 a.u.d and a verticals0.4348 a.u.d compo-
nent. In the simplest geometry of the asymmetric dimer
model for the s231d reconstruction of the Si(100)
surface,46,47 the only allowed atomic displacements in the
surface layer are those that keep all bond lengths equal to
their bulk value. With this constraint, the minimization of the
total energy leads to the following displacements from the
ideal unrelaxed positions of Si atoms of the dimer:Dx1

*

= +0.8696 a.u.,Dz1=−0.1512 a.u.,Dx2
* =−2.0416 a.u.,Dz2

=−1.0019 a.u. In a more elaborate asymmetric dimer model,
further relaxations up to the fifth layer from the surface are
included, and, in the most stable geometry, all bond lengths
at the surface remain within 2% of their bulk value.46,47

Calculations of the positron surface states are performed
for the reconstructed Sis100d-s231d surface described by
both models:(a) the symmetric dimer model, and(b) the
asymmetric dimer model including relaxations up to the fifth
layer from the surface. The positions of the lower lying Si
atoms are taken to correspond to their positions for the ideal
Si lattice.

These calculations are performed with values forDV of
0.78 and 0.93 eV for the symmetric and asymmetric dimer

FIG. 1. Calculated potential for a positron at the clean non-
reconstructed Si(100) surface. A: 3D plot(viewed from the vacuum
side) for Y* =0. B: Contour plot in theX* -Z plane for Y* =0
displayed with the vacuum side on the left. Contours are separated
by 0.0425 Hartree.
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models, respectively(see Table I). These values provide the
best agreement of −E`

theor, computed for the two models of
the reconstructed Sis100d-s231d surface, with the experi-
mental positron work functionF+

exper. As it follows from the
surface electronic structure calculations and core-level spec-
troscopy studies of the reconstructed Sis100d-s231d surface
the reconstruction-induced rearrangements of electronic
charge take place within the dimers and the layers
beneath.44,46,47 However, the amount of charge transferred
rapidly decays from one layer to the next one with increasing
depth into the bulk.47 This provides a justification for a
choice of the positioning of the start of the ramp potential,z1,
in the plane of the second layer of Si atoms beneath the
dimers and of the end of the ramp potential,z2, in the
vacuum atd/2.

Plots of the positron potential and the surface state wave
function are presented in Figs. 5–8. The positron potential
for the reconstructed Sis100d-s231d surface(see Figs. 5 and
7) exhibits deep corrugations extending through the topmost
layer into the lattice in the regions where atoms are displaced
from their ideal positions due to the reconstruction. These

corrugations affect the “quasi-1d” potential well responsible
for localization of the positron on the vacuum side of the
surface and shift its minima closer to the topmost layer of Si
atoms than in the case of the non-reconstructed Si surface.
Comparison of the plots in Figs. 3, 6, and 8 shows that the
reconstruction of the Si(100) surface changes the localization
and extent of the positron surface state wave function at the
surface. The maximum of the positron surface state wave
function at the reconstructed Sis100d-s231d surface de-
scribed within the symmetric dimer model is significantly
shifted toward the topmost layer of Si atoms, compared to
the case of the unreconstructed Si(100) surface, and is lo-
cated on the vacuum side about 0.333 a.u. outside the top-
most layer of Si atoms. In the case of asymmetric dimers, the
maximum of the positron surface state wave function is lo-
cated about −0.438 a.u. below the outermost plane of Si at-
oms. Comparison of Figs. 3, 6, and 8 also shows that pen-
etration of the positron surface state wave function, while
still highly localized at the surface, into the Si lattice in-
creases with reconstruction, and the penetration is the great-
est in the case of the reconstructed Sis100d-s231d surface
described within the asymmetric dimer model.

The computed binding energies of a positron trapped at
the reconstructed Sis100d-s231d surface described within
the symmetric and asymmetric dimer models converge to
Eb

theor=2.12 andEb
theor=2.06 eV, respectively. Comparison of

the computed values withEb
exper=2.06s7d eV (Ref. 5) shows

that the best agreement between theory and experiment is
achieved when the reconstructed Sis100d-s231d surface is
described within the asymmetric dimer model. Since the
binding energy of the positron at the reconstructed Sis100d
-s231d surface is larger than the corresponding positron
work function the calculated positron surface state is the
ground state for this reconstructed surface.

The computed values forEb for the Si(100) surface are
found to be smaller than the binding energies for the posi-
trons trapped at the Cu(100) and Cu(111) surfaces, 2.77(5)
and 2.80s5d eV, respectively,15,16,18 reflecting the difference
in the depth of the correlation well. The shallower well at the
Si surface is a result in part of the lower total electron density
in Si as compared to the transition metal, differences in
electron-positron correlations in the transition metal and the
elemental semiconductor, and to a change in the position of
the image surface due to thes231d reconstruction of the
Si(100) surface.

The extent to which the positron surface state wave func-
tion penetrates into the bulk can be understood qualitatively
in terms of the energy difference between the surface and
bulk states,DE= uEbu− uF+u, i.e., the larger the value ofDE
the less the surface state wave function penetrates into the
bulk. This difference is larger for the(100) and (111) sur-
faces of Cu (DE=3.07 and DE=3.15 eV, respectively)23

when compared toDE found for the non-reconstructed and
reconstructed Sis100d-s231d surfaces described within the
symmetric and asymmetric dimer models(DE=2.23 eV,
DE=1.82 eV, andDE=1.76 eV, respectively). As a result,
the positron surface-bound-state wave function at the Si(100)
surface penetrates further into the bulk semiconductor than
the one found for transition-metal surfaces.18,22,23The results

FIG. 2. Calculated potential for a positron at the clean non-
reconstructed Si(111) surface. A: 3D plot(viewed from the vacuum
side) for Y=0. B: Contour plot in theX–Z plane forY=0 displayed
with the vacuum on the left. Contours are separated by
0.04 Hartree.
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obtained forEb
theor also show that the binding energy of the

surface trapped positron at the Si(100) surface decreases with
the reconstruction due to the decrease in the total electron
density at the topmost layer of surface atoms with the recon-
struction.

C. Positrons at the reconstructed Si„111…-„7Ã7… surface

The s737d reconstruction of the Si(111) surface is de-
scribed within the dimer-adatom-stacking fault(DAS)
model48 within which eachs737d supercell consists of 12
atoms in the adatom layer, 42 atoms in the restatom layer,
and 48 atoms in the layer containing the stacking fault, while
all layers below are complete. We use positions of Si atoms
of the reconstructed Sis111d-s737d surface within the DAS
model that were determined from low-energy electron dif-
fraction (LEED) measurements.49 The surface atoms are lat-
erally and vertically displaced by up to 1.2665 and
0.3781 a.u., respectively from the positions evaluated from

the transmission electron diffraction(TED) data. The ada-
toms are relaxed inward by,0.3781 a.u. and the bond
lengths to their nearest neighbors amount to 4.4405 a.u. that
is shorter by 0.1% than the bulk bond length. The atoms in
the second layer below the adatoms are depressed inward by
1.1342 a.u. and the bonds to the three neighbors in the first
layer are stretched by 1.4% on the average compared with
the bulk bond length while the distance to the atom beneath
in the third layer is shortened by 8.34% with regard to the
bulk value. The dimers in the first layer exhibit a bond length
of 4.6314 a.u., and are thus elongated by 4.3% with regard to
the bulk bond length. The positions of the lower lying Si
atoms are taken to correspond to their positions for the ideal
Si lattice.

The outermost plane of Si atoms is taken to reside atZ
=0. The effective image-plane positionZ0 is determined to
be 2.73 a.u. from the top layer of atoms along a line normal
to the surface and going through a reference atom. The pos-
itron surface state calculations for the clean reconstructed
Sis111d-s737d surface are performed withDV=3.5 eV, the

FIG. 3. Calculated ground state wave function for a positron at the clean non-reconstructed Si(100) surface. A: 3D plot(viewed from the
vacuum side) for Y* =0. B: Contour plot in theX* -Z plane forY* =0 displayed with the vacuum on the left. The contour spacing is
0.0019 atomic units. C: 3D plot(viewed from the bulk) for Y* =0.
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value for the height of the ramp potential that provides the
best agreement for the ground state energy in the bulk with
the experimental positron work functionF+=0 eV for the
reconstructed Sis111d-s737d surface37 (see Table I). Scan-
ning tunneling microscope(STM) and photoelectron spec-
troscopies have detected three electron surface states,S1, S2,
and S3, that appear at about 0.2, 0.8, and 1.8 eV below the
Fermi level, respectively.42,45,50The S1 andS2 surface states
are associated with the dangling bonds on the adatoms and
restatoms, respectively, while theS3 surface state is associ-
ated with the back bonds of the adatoms.42,45,50 Since the
energy of theS2 state is lower than the energy of theS1
surface state, electrons are transferred from the adatoms to
the restatoms, thus giving rise to a charge transfer from the
adatoms to the restatoms of thes737d mesh. Following
these surface charge rearrangements, the position ofz1 is
chosen to coincide with the plane of the rest atoms andz2 is
set equal to half of the interlayer distance.

Plots of the positron potential and the ground state posi-
tron wave function are presented in Figs. 9 and 10. It may be
seen in these plots that the positron potential at the recon-
structed Sis111d-s737d surface contains deep corrugations
extending through the topmost layer into the bulk in the re-
gion of the corner holes, where Si atoms are substantially
displaced from their ideal terminated positions due to the
s737d reconstruction. These corrugations are even deeper
than corrugations seen at the reconstructed the Sis100d
-s231d surface. Such deep corrugations are notably absent
at the non-reconstructed Si and transition metal surfaces.
These corrugations of the positron potential at the Sis111d
-s737d surface define a wide and deep3d potential well
with a minimum in the center of corner holes. Comparison of
the plots in Figs. 3, 4, 6, 8, and 10 shows that thes737d
reconstruction of the Si(111) surface causes more dramatic
changes in the behavior and localization of the positron sur-
face state wave function when compared to the non-

FIG. 4. Calculated ground state wave function for a positron at the clean non-reconstructed Si(111) surface. A: 3D plot(viewed from the
vacuum side) for Y=0. B: Contour plot in theX–Z plane for Y=0 displayed with the vacuum on the left. The contour spacing is
0.002 atomic units. C: 3D plot(viewed from the bulk) for Y=0.
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reconstructed surface than thes231d reconstruction of
Si(100) surface. The width and depth of the potential well at
the corner holes of the reconstructed Sis111d
-s737d surface result in the positron surface state wave
function being almost completely localized in all three di-
mensions within the well, with a maximum in the center of
the corner hole regions 1.95 a.u. below the topmost atomic
layer of the(111) surface with thes737d reconstruction. The
modulus of the positron surface state wave function de-
creases from its maximum value by factors of 22 and 144
about 12 and 20 a.u. away from the center of the corner hole,
respectively, in theX andY directions. Comparison of Figs. 4
and 10 also shows that the localization of the positron sur-
face state wave function in the corner hole regions of the
reconstructed Sis111d-s737d surface results in a significant
decrease in the overlap of the positron surface state wave
function with core-level electrons of Si atoms at the surface.

The3d trapping of positrons had previously been put for-
ward in Ref. 37 as one possible explanation for the essen-

tially isotropic electron-positron pair momentum density ob-
served in the studies of positron interactions with the
reconstructed Sis111d-s737d surface using the technique of
two-dimensional angular correlation of annihilation radiation
(2D-ACAR). Our results indicating the localization of the
positron surface state wave function in all three dimensions
in the corner hole regions of the reconstructed Sis111d-s7
37d surface serve as a theoretical demonstration of such3d
trapping of positrons and lend strong credence to such local-
ization as the correct explanation of the experimental obser-
vations.

The computed binding energy of a positron trapped at the
reconstructed Sis111d-s737d surface described within the
DOS model converge toEb

theor=2.70 eV, which agrees well
with the experimental value of the positron binding energy
for this surface,Eb

exper=2.69s7d eV.5,40 Similar to the case of
the reconstructed Sis100d-s231d surface,Eb

theor for the posi-
tron trapped at the reconstructed Sis111d-s737d surface ex-
ceeds the positron work function for the bulk Si terminated
with the reconstructed Sis111d-s737d surface. Thus, the cal-
culated positron surface state is the ground state at this re-
constructed surface.

The calculated value for the positron binding energy is
comparable toEb for the positrons trapped at the Cu(100)
and Cu(111) surfaces, 2.77(5) and 2.80s5d eV,
respectively.15,16,18However the positron surface state wave
functions are quite different at these surfaces due to the
larger in-plane variations of the potential well at the Si sur-
face in comparison to the “quasi-1d” well at the Cu surfaces.
Other contributing factors are the lower total electron density
in Si as compared to the transition metal, differences in
electron-positron correlations in the transition metal and the
elemental semiconductor, and a change in the position of the
image surface due to thes737d reconstruction of the Si(111)
surface. The measured positron work functionsF+

exper are
also comparable:,0.0, −0.3s2d, and −0.4s2d eV for the
Si(111), Cu(100), and Cu(111) surfaces,37,51 respectively.
Thus, the energy difference between the surface and bulk
statesDE, obtained for the reconstructed Sis111d-s737d sur-
face, is comparable toDE for the (100) and(111) surfaces of
Cu. However the extent to which the positron surface state
wave function penetrates into the bulk Si terminated by the
reconstructed Sis111d-s737d surface is quite different than
the one observed for the transition metal surfaces due to the
localization of the positron surface state wave function in all
three dimensions at the corner hole regions.

The results obtained forEb
theor also show that the binding

energy of the surface trapped positron increases with the
s737d reconstruction due to a wider and deeper3d potential
well at the corner holes of the reconstructed Sis111d
-s737d surface when compared to the “quasi-1d” potential
well at the non-reconstructed Si(111) surface. Thus, the larg-
est values of the positron binding energyEb are correlated
with the surfaces of smallest atomic density.

IV. POSITRON ANNIHILATION CHARACTERISTICS

Calculations of the annihilation rate of the surface trapped
positron,l (the inverse of the positron surface state lifetime,

FIG. 5. Calculated potential for a positron at the clean recon-
structed Si(100)-s231d surface described within the symmetric
dimer model. A: 3D plot(viewed from the vacuum side) for Y*
=0. B: Contour plot in theX* -Z plane forY* =0 displayed with the
vacuum on the left. Contours are separated by 0.042 Hartree.
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ts) are performed taking electron-positron correlation effects
explicitly into account by using a formalism based on the
local density approximation(LDA ). The expression forl
within the LDA may be expressed as33

l =
pro

2c

e2 E d3rn+srdn−srdGfn−srdg, s10d

where ro is the classical electron radius,c is the speed of
light, n+srd is the positron charge density,nsrd is the electron
charge density, andGfn−srdg is the short-range annihilation
enhancement factor in an electron gas of densityn−srd, which
takes account of the fact that the electrons are attracted to-
ward the positively charged positron, increasing the overlap
of the positron and the electron wave functions and hence the
annihilation rate. Outside the semiconductor surface, the

LDA breaks down due to the fact that the correlation com-
ponent of the positron potential is no longer related to the
electron density at the position of the positron, but is due to
the presence of the semiconductor surface with accumulated
electrons on it. Following Ref. 52, we modify the LDA result
for l by assuming the enhancement factorGfn−srdg to be
nonzero for allr inside the bulk region, and to be zero for all
r inside the image potential region.

Due to the existence of the band gap, the valence elec-
trons do not respond to external perturbations as effectively
as do the conduction electrons in metals. As a result, the
positron screening in semiconductors is not as effective as in
metals. This is taken into account in our calculations of the
total annihilation rate by using the following modified inter-
polation form for the enhancement factorGfn−srdg, suggested
by Puska52 on the basis of the many-body calculations33,53

FIG. 6. Calculated ground state wave function for a positron at the clean reconstructed Si(100)-s231d surface described within the
symmetric dimer model. A: 3D plot(viewed from the vacuum side) for Y* =0. B: Contour plot in theX* -Z plane forY* =0 displayed with
the vacuum on the left. The contour spacing is 0.002 atomic units. C: 3D plot(viewed from the bulk) for Y* =0.
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GLDAfn−srdg = 1 + 1.23rs + 0.8295rs
3/2 − 1.26rs

2 + 0.3286rs
5/2

+ s1 − 1/«`drs
3/6, s11d

wherers is the usual electron density parameter of a homo-
geneous electron gas,fs4p /3drs

3n−=1g, and «` is the high-
frequency dielectric constant. The form of Eq.(11) is justi-
fied by two constraints for the screening cloud of the
positron given by Eqs.(5a) and (5b).32,52

The results of calculations of the surface state lifetimets
for a positron trapped at the Si(100) and Si(111) surfaces and
of the positron bulk state lifetimetB for bulk Si terminated
by the (100) and (111) surfaces are presented in Table II.

The positron annihilation rateln,l with specific core-level
electrons, described by quantum numbersn and l, is com-
puted within the LDA from the overlap of positron and elec-
tron densities using Eq.(12):

ln,l = pro
2cE d3rgsrduc+srdu2Fo

i

ucn,l
i srdu2G , s12d

wheregsrd is a local enhancement factor to account for the
electron-positron correlation effects54,55 that increase the
positron annihilation rate,C+ is the positron wave function,
Cn,l

i is the wave function of the core electron described by
quantum numbersn and l. We use forgsrd the interpolation
form given in Ref. 52. The summation in Eq.(12) is per-
formed over all electrons in the atomic level defined by
quantum numbersn andl. The core annihilation probabilities
rn,l with the specific core electron shells can be obtained by
dividing the partial positron annihilation rateln,l with the
different core shells by the total positron annihilation ratel,
i.e., rn,l =ln,l /l. The computed values of the positron anni-
hilation probabilities,pn,l, with Si 2s and2p core-level elec-
trons for the non-reconstructed and reconstructed Si(100)
and Si(111) surfaces are presented in Table III.

We can deduce the following important facts from the
computed values of the positron surface state lifetimests
presented in Table II. First, the values ofts computed for all
Si surfaces studied are considerably larger than the bulk Si
lifetime tB, as expected. Second, like the positron binding
energy, the calculated positron surface state lifetimets is
found to be sensitive to reconstruction and atomic composi-
tion of the top layers of the Si(100) and Si(111) surfaces. The
computed values ofts are equal to 687 ps for the recon-
structed Sis100d-s231d surface, described within asymmet-
ric dimer model, and 484 ps for the reconstructed Sis111d
-s737d surface, respectively. The large difference in calcu-
lated surface state lifetimes for these two surfaces indicate
that surface state lifetime measurements could be used to
probe surfaces of different reconstructions. Third, the com-
puted positron bulk lifetime,tB

theor, for bulk Si terminated by
the (100) and (111) surfaces is found to be in good agree-
ment with the experimental bulk Si lifetime,tB

exper. This sup-
ports the fact that the positron potential used in our calcula-
tions provides a good approximation to the actual potential
experienced by the positron in the bulk semiconductor.

It can be seen in Table III that the theoretical annihilation
probabilities of the surface trapped positrons with Si2s and
2p core-level electrons are significantly different for the two
reconstructed Si surfaces studied. For example, the Si2p
core annihilation probability changes from 1.86% for the re-
constructed Sis100d-s231d surface, described by the sym-
metric dimer model, to 0.49% for the reconstructed Sis111d
-s737d surface.

The different values for the Si2s- and 2p-core annihila-
tion probabilities obtained for(100) and(111) surfaces of Si
with s231d ands737d reconstructions reflect differences in
the localization of the positron surface state wave function at
these surfaces and show the sensitivity of positron annihila-
tion characteristics to a specific atomic structure of the top-
most layers of a semiconductor. It should be noted that metal
surfaces showed little variation of positron annihilation char-
acteristics for different surfaces of the same metal.7,10–12,18

The increased sensitivity of the positron surface state wave
function to the reconstructions in semiconductors reflects the

FIG. 7. Calculated potential for a positron at the clean recon-
structed Si(100)-s231d surface described within the asymmetric
dimer model. A: 3D plot(viewed from the vacuum side) for Y*
=0. B: Contour plot in theX* -Z plane forY* =0 displayed with the
vacuum on the left. Contours are separated by 0.035 Hartree.
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fact that reconstructions at the relatively open semiconductor
surfaces produce much larger changes in electron densities
(and the resulting positron surface potentials) than do the
more moderate reconstructions at the close-packed
transition-metal surfaces. The smaller value of the Si2s and
2p core electron annihilation probabilities obtained for the
Sis111d-s737d surface when compared to the ones obtained
for the Sis100d-s231d surface reflects significant differences
in the behavior of the positron surface state wave function at
both surfaces. In particular, the presence of relatively large
“corner holes” on the reconstructed Sis111d-s737d surface
causes localization in all three dimensions of the positron
surface state wave function in these regions, thus, signifi-
cantly reducing the overlap of the positron surface state wave
function with core electrons of Si atoms at the reconstructed
Sis111d-s737d surface when compared with the one that
takes place at the Si(100) surface with thes231d reconstruc-
tion.

In order to properly compare theoretical and experimental
core annihilation probabilities, consideration must be given
to the Auger transition branching ratios for the various Auger
transitions which may result following the formation of a
given core hole. In particular, the majority of3s holes decay
through theL1L2,3V Auger channel leaving a hole in the2p
shell, which results in subsequentL2,3VV Auger emission.
Taking into consideration the Auger branching ratios for dif-
ferent decay channels of the core holes from Ref. 58 the
probabilities of the surface-trapped positrons giving rise to
L2,3VVAuger electrons are found to be 2.49% and 2.37% for
the reconstructed Sis100d-s231d surface, described within
symmetric and asymmetric dimer models, respectively, and
0.66% for the reconstructed Sis100d-s737d surface, de-
scribed within the DAS model.

It should be noted that these results agree well with the
experimental positron annihilation probabilities with Si core-
level electrons obtained from estimates of the intensities of

FIG. 8. Calculated ground state wave function for a positron at the clean reconstructed Si(100)-s231d surface described within the
asymmetric dimer model. A: 3D plot(viewed from the vacuum side) for Y* =0. B: Contour plot in theX* -Z plane forY* =0 displayed with
the vacuum on the left. The contour spacing is 0.001 75 atomic units. C: 3D plot(viewed from the bulk) for Y* =0.
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the positron annihilation inducedL2,3VV Auger transitions:
2.01(2)% and 0.65(1)% for reconstructed Sis100d-s231d
and Sis111d-s737d surfaces, respectively.17 The best agree-
ment with experimental data5,17 is achieved for the recon-
structed Sis100d-s231d surface described within the asym-
metric dimer model. The 3d trapping of the positron in the
corner hole regions of the reconstructed Sis111d-s737d sur-
face results in a reduced overlap of the positron surface state
wave function with the core electrons of the neighboring Si
atoms. This explains the reduction in the Si2s- and2p-core
annihilation probabilities when compared to the results for
the Sis100d-s231d surface.

The computed probabilities of annihilation for the surface
trapped positron with Si core-level electrons for both semi-

conductor surfaces are smaller than the ones obtained from
PAES measurements on transition metal surfaces16 [e.g.,
8.70% for Cu(100) and 3.39% for Fe(100), and 8.02% for
Pd(100)]. These results for Si surfaces are consistent with the
fact that the probability of annihilation of the surface trapped
positrons with electrons of the deeper core levels of atoms
should be smaller than with electrons of the outer ones due to
repulsion of the positron by the nucleus.

The values chosen for the position of the effective image-
potential planeZ0, the height of the ramp potentialDV, and
the positions of the start and the end of the ramp potential,z1,
and z2, respectively, can be justified theoretically(see Sec.
III ), and result in calculated values of the positron surface
binding energy in good agreement with measured values. To
test the sensitivity of the core annihilation probabilities to the
specific choice of these parameters, we performed the calcu-
lations having modified these parameters. The positions of
the start and the end of the ramp potential,z1, andz2, respec-
tively, were changed up to 1.5 a.u.; in particular, the end of
the ramp potentialz2 was also chosen to coincide with the
topmost layer of atoms for both Si surfaces. The height of the
ramp potentialDV was changed by 0.15 eV. The position of
the effective image-potential planeZ0 was changed by
0.3 a.u. The test calculations performed for all studied Si
surfaces have shown that these modifications ofZ0, DV, z1,
and z2 have a very small effect on localization and spatial
extent of the positron surface states at semiconductor sur-
faces. These modifications ofDV, z1, andz2 were found to
cause negligible changes in positron binding energy, the pos-
itron surface state lifetime, and in the annihilation probabili-
ties of the surface trapped positrons with Si2s- and2p-core
electrons for both the(100) and (111) surfaces of Si(of the
order of 1%–2%, 1%, and less than 1%, respectively). The
modifications ofZ0 were found to cause relatively small
changes of the order of 10%, 7%, and 15% in the positron
binding energy, the positron surface state lifetime, and in the
core annihilation probabilities, respectively. The test calcula-
tions with modified parameters have shown that the annihi-
lation probabilities of the surface trapped positrons with
Si 2s- and2p-core electrons remain significantly smaller for
the reconstructed Sis111d-s737d surface when compared
with the results for the Sis100d-s231d surface, in agreement
with experimental PAES data.

V. CONCLUSIONS

We have performed theoretical studies of the “image-
potential” positron surface states at clean non-reconstructed
and reconstructed Sis100d-s231d and Sis111d-s737d sur-
faces using a modified superimposed-atom method, which
includes discrete-lattice effects to account for the state of
reconstruction of the semiconductor surface. The positron
has been treated as a single charged particle in a “correlation
well” in the proximity of surface atoms. Positron surface
states have been calculated by solving the three-dimensional
Schrödinger equation numerically using the finite difference
relaxation technique.

The positron surface states at all Si surfaces studied were
found to have a lower energy than the energy of the lowest

FIG. 9. Calculated potential for a positron at the clean recon-
structed Si(111)-s737d surface. A: 3D plot (viewed from the
vacuum side) for Y=0. B: Contour plot in theX–Z plane for Y
=0 displayed with the vacuum on the left. Contours are separated
by 0.045 Hartree.
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lying extended bulk state indicating that the surface state is a
stable trap for the positron prior to annihilation. The positron
surface state wave function has been found to be localized
mostly in the potential well on the vacuum side at both non-
reconstructed Si(100) and Si(111) surfaces. The positron sur-
face state wave function calculated for the reconstructed
Sis100d-s231d surface, while still localized in the potential
well on the vacuum side of the topmost layer of Si atoms,
was found to extend through the topmost layer into the Si
lattice in the regions where atoms are displaced from their
ideal terminated positions due to thes231d reconstruction.
The positron surface state wave function was found to pen-
etrate even deeper into the Si lattice and to have its maxi-
mum shifted even closer to the Si atoms of the topmost layer
than in the case of the non-reconstructed Si(100) surface
when thes231d reconstruction is described using the asym-
metric as compared to the symmetric dimer model.

In the case of the reconstructed Sis111d-s737d surface,
the much larger displacements of the Si atoms from their
ideal terminated positions due to thes737d reconstruction

were shown to cause the positron potential corrugations to
extend significantly deeper into Si lattice and to form a wide
and deep potential well with a minimum in the center of
corner holes. The positron surface state wave function calcu-
lated for this reconstruction was found to be localized in all
three dimensions at the corner hole regions of the recon-
structed Sis111d-s737d surface. This “3d trapping” of the
positron in the corner hole regions of the reconstructed
Sis111d-s737d surface provides an explanation of the essen-
tially isotropic electron-positron pair momentum density dis-
tribution observed in 2D-ACAR studies of the positron inter-
actions with the reconstructed Sis111d-s737d surface.37

It has been shown that the orientation-dependent varia-
tions of the atomic density and total electron density at the
Si(100) and Si(111) surfaces result in a corresponding depen-
dence of the positron surface binding energyEb. The com-
puted positron surface binding energyEb

theor has been found
to change with surface reconstruction and to be sensitive to
the specific atomic structure of the topmost layers of sur-
faces. The largest values of the positron binding energy have

FIG. 10. Calculated ground state wave function for a positron at the clean reconstructed Si(111)-s737d surface. A: 3D plot(viewed from
the vacuum side) for Y=0. B: Contour plot in theX–Z plane forY=0 displayed with the vacuum on the left. The contour spacing is
0.006 atomic units. C: 3D plot(viewed from the bulk) for Y=0.
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been found to be correlated with the surfaces of smallest
atomic density. Theoretical positron binding energiesEb

theor

calculated for the reconstructed Sis100d-s231d and Sis111d
-s737d surfaces described within asymmetric dimer and
DAS models, respectively, have been found to agree well
with experimentalEb

exper.
The impact of various surface reconstructions on the pos-

itron surface state lifetimets and the annihilation probabili-
ties of the surface trapped positrons with Si2s and2p core-
level electrons has been studied. Theoretical positron bulk
lifetimes tB

theor for bulk Si terminated by the(100) and(111)
surfaces have been found to be in good agreement with ex-
perimental bulk values, and positron lifetimes in the surface

statets have been found to be larger than in the bulk state, as
expected. The computed values ofts were found to be sig-
nificantly different for the reconstructed Sis100d-s231d and
Sis111d-s737d surfaces, respectively, indicating that posi-
tron lifetime experiments could be used to distinguish the
surfaces of elemental semiconductor with different state of
reconstruction.

It has been shown that, unlike different surfaces of tran-
sition metals, annihilation probabilities of surface trapped
positrons with Si2s- and2p-core-level electrons are signifi-
cantly smaller for the reconstructed Sis111d-s737d surface
when compared with the results for the reconstructed
Sis100d-s231d surface. It has been confirmed that the sig-

TABLE II. Theoretical and experimental positron surface-state binding energiesEb, positron surface and bulk state lifetimes,t, for the
clean non-reconstructed Si(100) and Si(111) surfaces, the reconstructed Sis100d-s231d surfaces described within symmetric and asymmetric
dimer models, and the reconstructed Sis111d-s737d surface.

System
Eb (eV)
Theory

Eb (eV)
Experiment

ts surface state(ps)
Theory

tB bulk state(ps)
Theory

tB bulk state(ps)
Experiment

Non-reconstructed Si(100) 2.53 637 218 219e

Reconstructed Sis100d-s231d
symmetric dimer model

2.12 2.06(7)a 674 219 219e

Reconstructed Sis100d-s231d
asymmetric dimer model

2.06 2.06(7)a 687 219 219e

Non-reconstructed Si(111) 3.20 619 215 219e

Reconstructed Sis111d-s737d 2.74 2.69(7)a 484 219 219e

Cu(100) 2.77c,d 2.77(5)b 478c,d 109d 109f

Cu(111) 2.79c,d 2.80(5)b 502c,d 109d 109f

aReference 5.
bReference 40.
cReference 22.
dReference 23.
eReference 56.
fReference 57.

TABLE III. Theoretical and experimental positron annihilation probabilities with relevant core electrons,
pn,l at the clean Si(100) and Si(111) surfaces.

System

pn,l (%) surface
(Theory)

pn,l (%) surface
(Experiment)

Si 2s Si 2p Si 2s+2p Si 2s+2p

Non-reconstructed Si(100) 0.59 1.72 2.31

Reconstructed Sis100d-s231d
symmetric dimer model

0.63 1.86 2.49 2.01(2)a

Reconstructed Sis100d-s231d
asymmetric dimer model

0.60 1.77 2.37 2.01(2)a

Non-reconstructed Si(111) 0.36 1.03 1.39

Reconstructed Sis111d-s737d 0.17 0.49 0.66 0.65(1)a

DAS model

Cu3s Cu3p Cu3s+3p Cu3s+3p

Cu(100) 1.76b 6.40b 8.16b 8.7(7)c

Cu(111) 1.47b 5.59b 7.06b

aReference 17.
bReferences 22 and 23.
cReference 16.
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nificantly different values for the Si2s- and2p-core annihi-
lation probabilities measured for the Si(100) and Si(111) sur-
faces with the s231d and s737d reconstructions,
respectively, reflect the differences in behavior and extent of
the localization of the positron surface state wave function at
these surfaces and show the sensitivity of positron annihila-
tion characteristics to a specific atomic structure of the top-
most layers of an elemental semiconductor.

Our calculations of the probabilities for the annihilation of
surface trapped positrons with Si2p core electrons agree
well with the corresponding probabilities estimated from the
PAES measurements on Si(100) and Si(111) surfaces. Com-
parison of theoretical and experimental data confirms that the
best agreement is achieved for the reconstructed Sis100d-s2
31d and Sis111d-s737d surfaces described within the asym-
metric dimer and DAS models, respectively.

Theoretical annihilation probabilities of the surface
trapped positrons with relevant Si core-level electrons esti-

mated for the reconstructed Sis100d-s231d and Sis111d-s7
37d surfaces have been found to be significantly smaller
than the ones obtained for transition-metal surfaces[only
29% and 8%, respectively, of the ones obtained for the
Cu(100) surface].

Theoretical results obtained in this paper confirm that
PAES intensities, which are proportional to annihilation
probabilities of the surface trapped positrons that results in a
core hole, are sensitive to the crystal face and surface struc-
ture of the elemental semiconductor.
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