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Recent studies of 8i00) and S{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 reconstruct¢tO8i(2x 1) and S{111-(7X7) 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 @i00) and S{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 surfacés. The
X 1) reconstruction of the §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 (@0@ishows that the best agreement is
achieved when the reconstructed 19i0-(2 X 1) 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 reconstructed13il)-(7 X 7) 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
Siin contrast to the much smaller face dependence found on clean metal surfaces. Annihilation probabilities of
surface trapped positrons with Z- and 2p-core-level electrons are found to be significantly smaller for the
reconstructed $111)-(7X 7) surface when compared with the results for the reconstructedd@i(2 X 1)
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 Positron surface states and annihilation characteristics of
low energy positrons trapped at metal and semiconductor
Spatially extended “image-potential” electronic statessurfaces are of interest because of the possibilities of using
near the surfaces of conductors have been intensely studigwsitrons in the development of new probes of surfaces, thin
both theoretically and experimentally due to their role infilms, and nanostructures. In addition, the positron annihila-
surface phenomena and interest in quantum states of reductdn characteristics provide a means of studying fundamental
dimensionality:? Like electrons, positrons can have surface-questions pertaining to the nature of “image-potential” posi-
bound states localized in the region of the vacuum-mediuntron surface states, which are examples of “quasi-two-
interface3* These surface states are the consequence of trdimensional” states of distinguishable, light, quantum par-
interplay between repulsion from the surface ionic cores anticles.
electron—positron correlations just outside the surface result- Experimental studies of the nature and localization of the
ing in an attractive interaction. Their properties are criticallypositron bound states at metal surfaces, both clean and
dependent on the nature of the short-range “correlation welladsorbate-covered, have been performed using a surface
in the vicinity of the surface atoms. Unlike the electron casecharacterization technique, positron annihilation induced Au-
the “image-potential” surface states for positrons typicallyger electron spectroscogPAES.®-1¢ Under the conditions
have lower energies than the bulk positron states, and thesesed in PAES experiments most of the low energy positrons
states form a trap for positrons that encounter the surfacémplanted into the sample under study diffuse back to the
The existence of positron surface states on metal and semiacuum-solid interface where on the order of half are
conductor surfaces has been demonstrated by the observativapped into a surface state. A certain fraction of the surface
that positrons could be thermally desorbed from clean surtrapped positrons annihilates with neighboring core-level
faces at elevated temperatures as positrorfitim. electrons, creating core-hole excitations that give rise to
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Auger-electron emission. The intensities of the measured Il. POSITRON POTENTIAL AT A SEMICONDUCTOR
positron annihilation induced Auger signals are directly re- SURFACE

lated to the core annihilation probabilitigg,, the fractions

of positrons trapped in the surface state annihilating withst

electrons from different core Sgh1e7"5 with principal and angu-y,m method to account for discrete-lattice effé@&Earlier
lar momentum numbens and|.”

: . calculations based on this method have been successful in
Recently, the PAES technique has bgen applu_aq to Stu.dgnalyzing the formation and localization of the positron sur-
the positron surface states and the positron annihilation INFace states at transition metal surfaé&22 This approach is

duced Auger spectra from two different faces of an element ; .
. it i i omputationally efficient and makes a study of reconstructed
semiconductot; Si(100-(2x 1) and S{111-(7X7). PAES surfaces possible using the same techniques as for non-

signals obtained from both semiconductor surfaces display constructed surfaces
strong Auger peak in the measured energy range correspond- \yi describe the positron potentidl (r) at a semiconduc-

ing to thel, 3VV Auger transition for Sisee Figs. 1 and 2 : ;
from Ref. 17. Several important facts can be deduced fromtor as an (_electrostat_lc Hartr@oulomb potentialVi,(r), and
a correlation potentiaV/qy(r):

the experimental PAES data taken from th&€180) and
Si(111) surfaces.’ V*H(r) = Vy(r) + Vgor(r). (1)

First, unlike different surfaces of transition met#is?* _ , »
the PAES signals from the two Si surfaces are significantlyl "€ Hartree potentialy,(r) is CO_nStg'{'CtEd as a superposition
different. The experimental probability of annihilation of the Of the atomic Coulomb potentialéZ,,(|r~R|) from all the
surface trapped positrons that results in @Sicore hole atoms located within a predetermined radius of the evalua-
calculated from the PAES intensities has been found to beion point, whereR defines the positions of the host nuclei.
2.01%+0.02% and 0.65% +0.01% for the reconstructed Atomic calculations for the Si atom are performed within
Si(100)-(2x 1) and S{111)-(7 X 7) surfaces, respectively. the local-spin-density approximati&husing the exchange-
In contrast the clean transition metal surfaces show litticrrelation functional and atomic configurations from Refs.
variation of positron annihilation characteristics for different 26 and 27, respectively. The Schrédinger equation is solved
surfaces of the same transition mé€?4Second, the PAES self-consistently for each bound electron state of the Si atom.
intensities for Si are significantly smaller than the corre-1Ne criterion for convergence is that the change in the energy
sponding Auger signal intensities at transition metalOf €ach bound electron from one iteration to the next is less
surfaced® Third, the experimental probabilities of annihila- than 10°H. The resulting wave functions are then used to
tion of the surface trapped positrons with Si core-level elecfind the electron densities and corresponding atomic poten-
trons calculated from the PAES intensities for both Si sur-t'a|_S via Poisson’s equation. The crystal structure and the
faces are significantly smaller compared to the ones obtaind@tticé constant for bulk silicon are taken from Ref. 28. The
for the Cy100) and Cy111) surfaced®1? resultmg_ total ele_ctron density_(r) at the _s_emlconductor

In this paper we present the results of theoretical studie§urface is approximated by the superposition of the calcu-
of positron surface states and positron annihilation charactefated atomic electron densities:
istics at the(100) and (111) surfaces of Si with different N =3 r(r -R)) @)
reconstructions. Such studies are indispensable for interpret- n-n= = n-r '
ing PAES experiments and clarifying the formation, stability,
and localization of positron surface states at semiconductovhere R summation takes place over the positions of the
surfaces. They provide surface structure dependence of probuclei. We note that in bulk semiconductors, the superim-
abilities of annihilation of the surface trapped positrons withposed electron density provides a good estimate of the elec-
Si core-level electrons. tron density in the interstitial regiogthe region in which the

The remainder of this paper is organized as follows. Secpositron wave function is mainly localized in the bufR
tion Il details the construction of a potential for a positron atThe resulting Hartree potentiafy(r) is constructed in a
a semiconductor surface. Section Ill presents the results afimilar way:
calculations of positron surface states at the ideally termi- at
nated, non-reconstructed and reconstructgd 08)-(2x 1) Vi(r) = 2 Voullr = RI). ©)
and S{111)-(7 x 7) surfaces. Positron annihilation character- R
istics are reported in Sec. IV. The computed positron surface The positron-electron correlation potentigl,(r) reflects
state annihilation characteristics are compared with experithe response of the electron charge density to the presence of
mental PAES data and with positron annihilation characterthe positron by taking into account many body effects. As in
istics obtained for bulk Si and Cu, and for the clgd®0)  the case of metal surfaces, in constructifg,(r) at a semi-
and (111) surfaces of Cu. Annihilation probabilities of the conductor surface, we exploit the fact that the electron den-
surface trapped positrons with relevant Si core-level elecsity is much higher near the surface of a semiconductor than
trons are found to be significantly smaller for the recon-it is in the vacuum, far from the surface. The correlation
structed Si111)-(7 X 7) surface when compared with the re- component of the positron potentiad*(r) in the region
sults for the reconstructed (8D0-(2x1) surface, in where the electron density is higdeep insidgis well de-
agreement with experimental data. Conclusions are summacribed using the local density approximatidrDA). The
rized in Sec. V. image-type potential is used to describe the correlation com-

We perform calculations of positron surface and bulk
ates in the present paper using the modified superimposed-
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ponent ofV*(r) in the region far outside the semiconductor work we treateq as a parameter, and use the valgs 0.2,
surface, where the electron density is assumed to be zero. Weéhich was shown to reproduce well the experimental anni-
then divide the space into two regions, namely, the bulk andhilation rates for delocalized positron states in several 1V—
image potential regions, where the two models are appliecand 1ll-V-type semiconductor&. In this work we use the
The boundary between these regions is chosen to pagsrametrized version for the electron-positron correlation en-
through the crossover point of the bulk and image-type poergy per electron for a positron in a homogeneous electron
tentials, located immediately outside the surface. gas proposed by Boronski and Niemingn.

In the LDA V,,(r) is obtained at a given position by ~ The positron-electron correlation potential outside the
considering the positron to be embedded in a homogeneo@emiconductor surface described by the image-type potential
electron gas with an electron density corresponding to the is constructed to have the same corrugations as the total elec-
electron density at that particular point, i.e., tron densityn_(r):

Veorlr) = Voo (r;n2) = VES(n[f(n_,e) 1Y%, (4) & (e.-1) 1

Vimage(r) == y
whereVES (n.) is the correlation energy for a positron in a 16meo (e + 1) [Zenn-(1)] - Zo]

homogeneous electron gaf densityn_. When construct-  wheree is the charge of a positroe is the vacuum permit-

ing Veor (r;n-) we take into consideration that valence elec-tivity, e, is the high-frequency dielectric constant of the
trons in semiconductors, due to the existence of a band gagemiconductorZ.[n_(r)] is the effective distance from the

do not respond to an external perturbation as effectively asurface, represented as a function of the total electron density
conduction electrons in metals. As a result, the screening of at the surfacen_(r), andZ, defines the effective image-plane
positron by valence electrons in semiconductors is not Pemposition on the vacuum side of the top layer of atoms. The
fect. In addition, the positron is much lighter than the ions,joining of the image-type potential to the local density cor-
which have no time to rearrange in response to the instantgg|ation potential is done by takind,,(r) to be the larger of
neous position of the positron. Consequently, the asymptotighe two at each point outside the surface.

form of the long-range Coulomb potential due to the positron  The presence of the occupied electron surface states and
should be proportional to ELr, where e, is the high-  the charge imbalance resulting from the termination of bulk
frequency dielectric constant of the medium, and the screensemiconductor, affect the electron distribution functions at
ing cloud An_(r), induced by the positron in the medium ne syrface. To account for these charge rearrangement ef-
characterized by the dielectric constant should satisfy the  fects on the electron distribution functions and the positron

()

following sum rule for the induced electron density: potential at the $1L00) and S{111) surfaces within the
® superimposed-atom method, calculations of the positron sur-
) 1 face state are performed with the addition of a ramp potential
An_(r)dardr={1--=|. (58 v_,(2) to the expression for the total positron potential
0 ” VH(r):
The electron density_(r) screening the positron at the ori- AV, z<z,
gin (r=0) satisfies the cusp condition: Vo2 =1 AV(Z-2)(2 - 20), 2<% ®)
an_(r > 7,
A == n_(o) . (5b) 0, z 22
I li=o The coordinateg; and z, define the spatial extent of the

The functionf(n_,eg) in Eq. (4) is a reduction factor which Surface charge arrangement area. The height of the ramp po-
accounts for the diminished screening response of semicofential AV is adjusted for the surface to provide the potential
ductors to charged particles due to the existence of a barf§!t by the positron at the semiconductor surface that gives
gap, in comparison to metals for whidks1. The “gap pa- the proper positron work function for each surface.

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 banegsE,/Er, whereEg is lll. POSITRON SURFACE STATES

the Fermi energy. According to calculations of Brandt and
Reinheimet! of a reduction factorf for a set ofrg and g4
values, a reasonable fit to their numerical data, obtained fro
screening calculations for point charges in a model semico
ductor, can be obtained using the following interpolation for-

The positron potential and the electron density are defined

at the node points of the three-dimensional mesh forming a
olyhedron 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

mula: and delocalized in th&Y plane of the semiconductor sur-
0.37% face, and to have a crystal momentum in this plank 0.
f(n_,eg) =1- —q—1+ 0180 (6)  The outermost plane of Si atoms is taken to resid&=0.
. S

The extent of the positron surface state wave function into
with rg=(3/4mn_)Y3. The parametee, was determined in the vacuum outside the semiconductor surface and inside the
Ref. 31 in terms of the high-frequency dielectric constant semiconductor lattice is determined by the computational
of the semiconductor under consideration. In the presentell boundaries in the direction perpendicular to the surface
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(Z direction. These boundaries are chosen to be(tar to TABLE I. Experimental positron work functiod®,, theoretical
ten lattice parameterdrom the topmost layer of Si atoms. ground state energy for the bulk., and the ramp potentialV for

A discretized version of the three-dimensionalthe clean nonreconstructed 8)0) and S{111) surfaces, the recon-
Schrédinger equation for the positron eigenenergy and thétructed Si100-(2x 1) surfaces described within symmetric and

positron surface state wave function: asymmetric dimer models, and the reconstructed.19j-(7 X 7)
surface described within the DAS model.

h? @, (eV) E. (eV)
- ;nvzlﬁf(r) + [Vi(r) + Veordr) + Veud 2 14 (1) = Eif (1), System Experiment Theory AV (eV)
(9) Nonreconstructed &i00) 0.3*P -0.30  0.781
Reconstructed §100)-(2 % 1) 0.3P -0.30  0.782
symmetric dimer model

is solved numerically using a finite difference relaxation , . §100-(2 1) 0.3b 030 0931
techniquet3* The positron surface state energy and the pos- asymmetric dimer model

itron surface state wave function are found through itera- ab

tively solving for the energy, and then correcting the wave Nonreconstructed &i11) 0 ’b 0.00 1.018
function based on the energy, the positron potential, and th&econstructed 8L11-(7X7) 0 0.00  1.061
values of the wave function at the surrounding mesh points. DAS model

The computer code used in calculations is discussed in RedReference 37.

23. Delocalized states in the plane of the semiconductor subReference 40.

face (the XY plane are obtained by using boundary condi-

tions which continue the wave function through the polyhe- 5 positrons at the non-reconstructed Si(100) and Si(111)

dron surfacegin the X andY directiong. The image plane surfaces
position Z, is determined from Lang—Kohn theot.The
high frequency dielectric constan, equals 12.0 for Si° The initial calculations of the positron surface state wave

Initially we perform calculations of the energy of the low- function and positron surface binding energy are performed
est lying positron bulk statE"*'relative to the vacuum zero for the clean non-reconstructed 80) and S{111) surfaces.
level in bulk Si terminated by theL00) and(111) surfaces to  The crystal structure and the lattice constant for Si are taken
determine the heighkV of the ramp potential for all nonre- from Ref. 28. The non-reconstructg@00) and (111) sur-
constructed and reconstructed Si surfaces that is used laterfiices of Si in the diamond cubic structure have a square unit
the positron surface state calculatiaftise value ofAV for  cell, and their surface atoms are second nearest neighbors.
each surface is determined by the condition % equals  The outermost plane of Si atoms is taken to residZ=0.
-0PP®). To avoid inconsistencies in calculations of the pos-The effective image-plane positiafy, is determined to be
itron work function ®"*" and the positron binding energy 2.88 a.u. for SiL00) and 3.82 a.u. for $111) from the top
Ep° associated with the use of different computationallayer of atoms along a reference line. The height of the ramp
schemes, potentials, and different energy reference levels, wetentialAV is found to be equal to 0.78 and 1.02 eV for the
perform calculations of the energy of the lowest lying posi-Si(100) and S{111) surfaces, respectivelee Table) from
tron bulk state within the modified superimposed-atoma comparison of the calculat&f®* in bulk Si terminated by
method employing the same total positron potential and théhe (100) and(111) surfaces and the experimentbf***" de-
same energy reference ley#he vacuum zerpthat are used termined for both surfaceX.
in positron surface state calculations. The lowest lying posi- Tight-binding calculation®3° indicate that the non-
tron bulk state energieE"®* in bulk Si terminated by the reconstructed $100) surface gives rise to two bands of elec-
(100 and (111) surfaces are found by solving the three- tron surface states in the energy gap between the valence and
dimensional Schrodinger equation numerically using the ficonduction bands. One baritie dangling bond bandas its
nite difference relaxation techniqdé? Atomic structures of electron density localized about a line through and normal to
the non-reconstructed and reconstructed®)-(2X 1) and  the surface atoms, with a node on the atoms. The other band
Si(111)-(7x 7) surfaces used in numerical calculations are(the bridge bond bandas its charge density located around
discussed later. Similar to the positron surface state calcula line through a row of surface atoms and pointing toward
tions, the electron density and the positron potential are caleighboring surface atoms in th#10] direction. It follows
culated at the node points of a three-dimensional mesh. It ifom tight-binding calculations of the surface electronic
assumed that the positron wave function deep inside the bulktructuré®3%that the non-reconstructed($11) surface gives
Si approaches periodicity in thedirection with a period of rise to a highly localized surface state band in the fundamen-
one lattice parameter and that the positron wave functional gap. In addition, both non-reconstructed surfaces give rise
with k=0 is the lowest Bloch state. The density of meshto electron “back-bond” surface states in one of the gaps of
points in the bulk state calculations is chosen to be similar othe projected valence band with corresponding charge den-
larger than the ones used in the surface state calculationsity localized between the top and the second layers. Accord-
The results ford®P® ENe" and AV obtained for bulk Si ingly, the position of the start of the ramp potentia], is
terminated by th€100) and (111) surfaces are displayed in taken to coincide with the plane of the second layer of Si
Table I. atoms[z, is equal to —2.565 and —1.482 a.u. for th&é180)
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Si(100) and S{111), respectively, and experiences a rapid
drop with distance into the semiconductor lattice and over-

el Ill s
\ ";-"| \!, bl “" 04 laps very little with atoms of the second layer and beyond.
I \\‘\\ "l \\ "" , Similar behavior of the positron surface state wave function
,“ ,"\ compared to the experimental values Ejf**=2.067) eV
and E;*®=2.69 eV, respectively® For both the non-
E, values calculated for the @00 and S{111) surfaces are
comparable to the ones obtained for corresponding surfaces

|

\‘11

\ 02 has been observed at the clean transition metal surfaces. The
computed binding energies of a positron trapped at the non-

’ reconstructed100) and (111) surfaces of Si converge to

“ I ’ \“ Eleo'=2 53 eV andE['®®=3.20 eV with respect to vacuum

" " “ i reconstructed $100) and S{111) surfaces the binding en-
' \‘ ‘\ ‘\‘ Y , ~o,3 ergy of the positron is larger than the corresponding positron
02 W T, 3 work function. Thus, the calculated positron surface states
; are the ground states for both surfaces. The binding energy

Positron potential (Hartree)

Positron potential (Hartree)

R SRR Z(axom‘c“mls of Cu. As with their transition metal counterpar&® is
Wy R larger for the Sil11) surface as compared to the(BI0)

(a) e g surface due to the @ill) surface’s higher atomic surface
density and its correspondingly larger surface electron den-
sity.

-11.18 1

= -1.56 B. Positrons at the reconstructed Sj100)-(2X 1) surface
E -3.931 At room temperature, thel00)-oriented surface of Si ex-
2 .030- hibits a(2 X 1) reconstruction in which the atoms of adjacent
1% 333 atom rows along th¢110] direction lean toward each other
g 6.954 forming dimers*! Though the Sil00)-(2x 1) surface has
= lossd been extensively studied, there_ls still a question und_er de-
‘ bate as to whether the dimers are symmetric or
1421 =11 asymmetri¢=47 According to the symmetric dimer
SonSs modef'~* for the (2 1) reconstruction, adjacent rows of
aesm T N surface atoms spontaneously move in the surface plane to
(b) Z (atomic units)

join via their bridge bond and form double rows along the

FIG. 1. Calculated potential for a positron at the clean non-[110] direction. It is assumed that the reconstruction keeps
reconstructed $100) surface. A: 3D plo{viewed from the vacuum the bond lengths the same as in the bulk but distorts bond
side) for Y*=0. B: Contour plot in theX*-Z plane for Y*=0 angles. Thus, the surface atomic displacements have both a
displayed with the vacuum side on the left. Contours are separateldorizontal (1.4178 a.u. and a vertical0.4348 a.u. compo-
by 0.0425 Hartree. nent. In the simplest geometry of the asymmetric dimer

model for the (2X1) reconstruction of the &L00)
and S(111) surfaces, respectivglyand the end of the ramp  gyrface547 the only allowed atomic displacements in the
potential,z,, is set at distance/2 above the plane of the top syrface layer are those that keep all bond lengths equal to
atoms, wherel is the interlayer spacing. their bulk value. With this constraint, the minimization of the

The plots of the positron potential for the valMe=0 for  total energy leads to the following displacements from the
the S{100) and S{111) surfaces are presented in Figs. 1 andideal unrelaxed positions of Si atoms of the d|mArX
2, respectively. Note, in all plots in the paper tieand Y* =+0.8696 a.u.,Az;=-0.1512 a.u. sz —-2.0416 a.u. AZz
axes are taken along th&10] and[llo] directions, respec- =-1.0019 a.u. In a more elaborate asymmetric dimer model,
tively. It may be seen in these plots that, similar to the casdurther relaxations up to the fifth layer from the surface are
of transition metal surfaces, the positron potential for theincluded, and, in the most stable geometry, all bond lengths
non-reconstructed100) and (111) surfaces of Si contains at the surface remain within 2% of their bulk vaftfe’
small corrugations on the vacuum side of the topmost layer Calculations of the positron surface states are performed
of Si atoms. The corresponding positron surface state wavkor the reconstructed &i00-(2Xx 1) surface described by
functions for the valueY*=0 for the non-reconstructed both models:(a) the symmetric dimer model, an@) the
Si(100) and S{111) surfaces are shown in Figs. 3 and 4, asymmetric dimer model including relaxations up to the fifth
respectively. The positron is trapped mainly in trepuési-  layer from the surface. The positions of the lower lying Si
one-dimensiondl image-correlation well just outside the atoms are taken to correspond to their positions for the ideal
clean non-reconstructed surfaces of Si. Thadsi-2d pos-  Si lattice.
itron surface state wave function has its maximum about These calculations are performed with values &f of
2.32 and 3.07 a.u. outside the topmost layer of atoms f00.78 and 0.93 eV for the symmetric and asymmetric dimer
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corrugations affect theduasi-1d potential well responsible
for localization of the positron on the vacuum side of the
\ I surface and shift its minima closer to the topmost layer of Si
” ' " atoms than in the case of the non-reconstructed Si surface.
" ‘ W ' Comparison of the plots in Figs. 3, 6, and 8 shows that the
‘ | reconstruction of the §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 ($00)-(2X 1) surface de-

\ Al
"‘ ’\ i “"o s
‘ll i “ "01 Al
‘I ‘ l ‘ scribed within the symmetric dimer model is significantly

---u\\\\\‘{(‘ & T 5 shifted toward the topmost layer of Si atoms, compared to
WY ' the case of the unreconstructed 180 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-

l',
‘ “\
\“

b

Positron potential (Hartree)

Positron potential (Hartree)

-11.19 ﬁo) creases with reconstruction, and the penetration is the great-
756 .‘ ‘% N est in the case of the reconstructed18D)-(2x 1) surface
9 1 \ ! . L . .
) et Pl i described within the asymmetric dimer model.
5 3937 / )))Lj@“ = @ The computed binding energies of a positron trapped at
g -0.307 @ ":ﬁﬁ.’:’ S the reconstructed Gi00-(2x 1) surface described within
g 3337 )))Lj@‘-‘l@?!. @ the symmetric and asymmetric dimer models converge to
> 696 @ e 09 i EN®°=2 12 andEl"®°'=2.06 eV, respectively. Comparison of
10,58 :)))1:)>@[((:‘,\;@> the computed values witBy***'=2.067) eV (Ref. 5 shows
1421 — PN PN that the best agreement between theory and experiment is
TITR2ERE8/5T L8 a2rP achieved when the reconstructed18i0-(2X 1) surface is
N R R A - S I described within the asymmetric dimer model. Since the

(b) Z (atomic units) binding energy of the positron at the reconstructed ()
-(2x 1) surface is larger than the corresponding positron
FIG. 2. Calculated potential for a positron at the clean non-work function the calculated positron surface state is the
reconstructed $111) surface. A: 3D plo{viewed from the vacuum ground state for this reconstructed surface.

side) for Y=0. B: Contour plot in the&X—Z plane forY=0 displayed The computed values fdg, for the S{100) surface are
with the vacuum on the left. Contours are separated byfound to be smaller than the binding energies for the posi-
0.04 Hartree. trons trapped at the €L00) and Cy111) surfaces, 2.71B)

and 2.805) eV, respectively®16-18reflecting the difference
models, respectivelysee Table)l These values provide the in the depth of the correlation well. The shallower well at the
best agreement of E®" computed for the two models of Si surface is a result in part of the lower total electron density
the reconstructed §i00)-(2X 1) surface, with the experi- in Si as compared to the transition metal, differences in
mental positron work functio®$*®! As it follows from the  electron-positron correlations in the transition metal and the
surface electronic structure calculations and core-level spe@lemental semiconductor, and to a change in the position of
troscopy studies of the reconstructed180)-(2x 1) surface  the image surface due to tH@x 1) reconstruction of the
the reconstruction-induced rearrangements of electroniSi(100) surface.
charge take place within the dimers and the layers The extentto which the positron surface state wave func-
beneattf*4647 However, the amount of charge transferredtion penetrates into the bulk can be understood qualitatively
rapidly decays from one layer to the next one with increasingn terms of the energy difference between the surface and
depth into the bulk’ This provides a justification for a bulk statesAE=|E,|-|®,/, i.e., the larger the value afE
choice of the positioning of the start of the ramp potentigl, the less the surface state wave function penetrates into the
in the plane of the second layer of Si atoms beneath theulk. This difference is larger for th€l00) and (111) sur-
dimers and of the end of the ramp potentia), in the faces of Cu(AE=3.07 andAE=3.15 eV, respectively®
vacuum atd/2. when compared taAE found for the non-reconstructed and

Plots of the positron potential and the surface state waveeconstructed $100-(2X 1) surfaces described within the

function are presented in Figs. 5-8. The positron potentiabymmetric and asymmetric dimer modelAE=2.23 eV,
for the reconstructed @i00-(2 X 1) surface(see Figs. 5 and AE=1.82 eV, andAE=1.76 eV, respectively As a result,
7) exhibits deep corrugations extending through the topmosie positron surface-bound-state wave function at thE08j
layer into the lattice in the regions where atoms are displacedurface penetrates further into the bulk semiconductor than
from their ideal positions due to the reconstruction. Thesghe one found for transition-metal surfad€3?23The results
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FIG. 3. Calculated ground state wave function for a positron at the clean non-reconstryt@ Sirface. A: 3D plo{viewed from the
vacuum sidg 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 plaviewed from the bulkfor Y*=0.

obtained forE{™ also show that the binding energy of the the transmission electron diffractigfTED) data. The ada-
surface trapped positron at theBJ0) surface decreases with toms are relaxed inward by-0.3781 a.u. and the bond
the reconstruction due to the decrease in the total electrolengths to their nearest neighbors amount to 4.4405 a.u. that

density at the topmost layer of surface atoms with the reconis shorter by 0.1% than the bulk bond length. The atoms in
struction. 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
C. Positrons at the reconstructed Si111)-(7X 7) surface the bulk bond length while the distance to the atom beneath
. . in the third layer is shortened by 8.34% with regard to the

The (7 X. 7). reconstrqctlon of the Slll).surface Is de- bulk value. The dimers in the first layer exhibit a bond length

scrlbecé within the - dimer-adatom-stacking faulDAS) 4 6314 a.u., and are thus elongated by 4.3% with regard to
mOdeﬂ.W'th'” which each(7x7) supercell consists of 12 he pylk bond length. The positions of the lower lying Si
atoms in the adatom layer, 42 atoms in the restatom layeptoms are taken to correspond to their positions for the ideal
and 48 atoms in the layer containing the stacking fault, whiles;j |attice.
all layers below are complete. We use positions of Si atoms The outermost plane of Si atoms is taken to resid& at
of the reconstructed §i11)-(7x7) surface within the DAS  =0. The effective image-plane positid is determined to
model that were determined from low-energy electron dif-be 2.73 a.u. from the top layer of atoms along a line normal
fraction (LEED) measurement¥. The surface atoms are lat- to the surface and going through a reference atom. The pos-
erally and vertically displaced by up to 1.2665 anditron surface state calculations for the clean reconstructed
0.3781 a.u., respectively from the positions evaluated fronsi(111)-(7 X 7) surface are performed withV=3.5 eV, the
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FIG. 4. Calculated ground state wave function for a positron at the clean non-reconstrytidy sirface. A: 3D plo{viewed from the
vacuum sidg 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 plaviewed from the bulkfor Y=0.

value for the height of the ramp potential that provides the Plots of the positron potential and the ground state posi-
best agreement for the ground state energy in the bulk witltron wave function are presented in Figs. 9 and 10. It may be
the experimental positron work functiob,=0 eV for the seen in these plots that the positron potential at the recon-
reconstructed $111)-(7x 7) surfacé’ (see Table )l Scan- structed Sil11)-(7 X 7) surface contains deep corrugations
ning tunneling microscopéSTM) and photoelectron spec- extending through the topmost layer into the bulk in the re-
troscopies have detected three electron surface stes,, gion of the corner holes, where Si atoms are substantially
and S;, that appear at about 0.2, 0.8, and 1.8 eV below thealisplaced from their ideal terminated positions due to the
Fermi level, respectivel§z*>°9The S, and S, surface states (7 X 7) reconstruction. These corrugations are even deeper
are associated with the dangling bonds on the adatoms anban corrugations seen at the reconstructed th@08)
restatoms, respectively, while tI#3 surface state is associ- -(2x 1) surface. Such deep corrugations are notably absent
ated with the back bonds of the adatoth4>°Since the at the non-reconstructed Si and transition metal surfaces.
energy of theS, state is lower than the energy of tl®  These corrugations of the positron potential at thel Bi)
surface state, electrons are transferred from the adatoms g7 x 7) surface define a wide and de&gd potential well

the restatoms, thus giving rise to a charge transfer from th@ith a minimum in the center of corner holes. Comparison of
adatoms to the restatoms of tl{éx 7) mesh. Following the plots in Figs. 3, 4, 6, 8, and 10 shows that (fe 7)
these surface charge rearrangements, the position &  reconstruction of the 8111) surface causes more dramatic
chosen to coincide with the plane of the rest atomsarid  changes in the behavior and localization of the positron sur-
set equal to half of the interlayer distance. face state wave function when compared to the non-
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l‘;

tially isotropic electron-positron pair momentum density ob-
M,,"‘ served in the studies of positron interactions with the
‘ 'l““hl ' " reconstructed $111)-(7 X 7) surface using the technique of
l \ || two-dimensional angular correlation of annihilation radiation
‘\ (2D-ACAR). Our results indicating the localization of the
‘ l positron surface state wave function in all three dimensions
l \ in the corner hole regions of the reconstructe1 $1)-(7
X 7) surface serve as a theoretical demonstration of Sach
I 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 $111)-(7 X 7) surface described within the
DOS model converge t&'*°=2.70 eV, which agrees well
with the experimental value of the positron binding energy
for this surface Fy**=2.697) eV.>4% Similar to the case of
the reconstructed §i00-(2X 1) surface E{"** for the posi-
tron trapped at the reconstructed19il)-(7 X 7) surface ex-
ceeds the positron work function for the bulk Si terminated
with the reconstructed &i11)-(7 X 7) surface. Thus, the cal-

!

Positron potential (Hartree)

Positron potential (Hartree)

-13.00 culated positron surface state is the ground state at this re-
-9.987 constructed surface.
7 6957 The calculated value for the positron binding energy is
5 -3.934 comparable tdaE, for the positrons trapped at the @00)
2 0914 and Cu@lll) surfaces, 2.74B) and 2.805) eV,
£ 2121 respectivelyt>16-18 However the positron surface state wave
S 5144 functions are quite different at these surfaces due to the
= 8.16 larger in-plane variations of the potential well at the Si sur-
11.18+ face in comparison to theqtiasi-1d well at the Cu surfaces.
14.21 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
(b) Z (atomic units) elemental semiconductor, and a change in the position of the
image surface due to thH@& X 7) reconstruction of the §i11)
surface. The measured positron work functich§®®" are
also comparable~0.0, -0.32), and -0.42) eV for the
Si(111), Cu100, and C11l) surfaces’>! respectively.
Thus, the energy difference between the surface and bulk
statesAE, obtained for the reconstructed 811)-(7 X 7) sur-
face, is comparable tAE for the (100) and(111) surfaces of
Si(100) surface. The width and depth of the potential well atcu' Howev_er the extent tq which the po§|tron .surface state
wave function penetrates into the bulk Si terminated by the

the corner holes of the reconstructed (13il)
-(7X7) surface result in the positron surface state Wavereconstructed $111)-(7x7) surface is quite different than
function being almost completely localized in all three di. the one observed for the transition metal surfaces due to the

mensions within the well. with a maximum in the center of localization of the positron surface state wave function in all

the corner hole regions 1.95 a.u. below the topmost atom|Ehree dimensions at the corner hole regions.

theor
layer of the(111) surface with thé€7 X 7) reconstruction. The The results obtained fdE, ™" also show that the binding
energy of the surface trapped positron increases with the
modulus of the positron surface state wave function de

creases from its maximum value by factors of 22 and 1447>< 7) reconstruction due to a wider and deepdipotential

about 12 and 20 a.u. away from the center of the corner hoIéN7II 7at thfe cornher holes ofdthe hreconstlrgcted(lﬂ)l
respectively, in th& andY directions. Comparison of Figs. 4 -/ X 7) surface when compared to thquasi-1d potentia

and 10 also shows that the localization of the positron sur?Vell at the non-reconstructed(3L1) surface. Thus, the larg-

face state wave function in the corner hole regions of the&St values of the positron binding enerBy are correlated

reconstructed $111)-(7 X 7) surface results in a significant With the surfaces of smallest atomic density.

decrease in the overlap of the positron surface state wave

function with core-level electrons of Si atoms at the surface.
The 3d trapping of positrons had previously been put for-  Calculations of the annihilation rate of the surface trapped

ward in Ref. 37 as one possible explanation for the esserpositron,\ (the inverse of the positron surface state lifetime,

21.49
18.47 7
15.45 7

27.54
24.52

FIG. 5. Calculated potential for a positron at the clean recon-
structed Si100-(2% 1) surface described within the symmetric
dimer model. A: 3D plot(viewed from the vacuum sigidor 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.

reconstructed surface than thH@x 1) reconstruction of

IV. POSITRON ANNIHILATION CHARACTERISTICS
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FIG. 6. Calculated ground state wave function for a positron at the clean reconstruc@6)-£ x 1) surface described within the
symmetric dimer model. A: 3D pldaviewed from the vacuum sigléor 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: 30péted from the bulkfor Y*=0.

75) are performed taking electron-positron correlation effectd DA breaks down due to the fact that the correlation com-
explicitly into account by using a formalism based on theponent of the positron potential is no longer related to the
local density approximatioilLDA). The expression foi
within the LDA may be expressed3s

Lo e

drn*(nn_(NT[n_(r)], (10)

wherer, is the classical electron radius,is the speed of
light, n*(r) is the positron charge densityr) is the electron
charge density, andi[n_(r)] is the short-range annihilation
enhancement factor in an electron gas of density), which
takes account of the fact that the electrons are attracted toretals. This is taken into account in our calculations of the
ward the positively charged positron, increasing the overlagotal annihilation rate by using the following modified inter-
of the positron and the electron wave functions and hence thgolation form for the enhancement factdm_(r)], suggested
annihilation rate. Outside the semiconductor surface, théy Pusk&? on the basis of the many-body calculatidivs

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 N by assuming the enhancement factgn_(r)] 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
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Ay = 126 f d3w<r>|w+<r>|2[2 |¢/'n,.<r>|2], (12

where y(r) is a local enhancement factor to account for the
electron-positron correlation effeét$® that increase the
positron annihilation rate¥* is the positron wave function,
W\, is the wave function of the core electron described by
quantum numbera andl. We use fory(r) the interpolation
form given in Ref. 52. The summation in E(L2) is per-
formed over all electrons in the atomic level defined by
guantum numbers andl. The core annihilation probabilities
pn, With the specific core electron shells can be obtained by
dividing the partial positron annihilation rate,, with the
different core shells by the total positron annihilation rate
i.e., pny=Nn/N. The computed values of the positron anni-
hilation probabilitiesp,, |, with Si2sand2p core-level elec-
trons for the non-reconstructed and reconstructgd 08)
and S{111) surfaces are presented in Table III.

We can deduce the following important facts from the
computed values of the positron surface state lifetimes

_1122_ presented in Table Il. First, the values gfcomputed for all
11821 Si s_urfaces studied are considerab!y larger tha_m the _bul_k Si
E 8794 lifetime 75, as expected. Se_zcond, like the positron bl_ndlng
2 576 energy, the calculated positron surface state lifetimeas
E found to be sensitive to reconstruction and atomic composi-
§ 2739 tion of the top layers of the 8i00) and S{111) surfaces. The
= 0.307 computed values of are equal to 687 ps for the recon-
= 3327 structed Si100-(2% 1) surface, described within asymmet-

6.357 ric dimer model, and 484 ps for the reconstructetlSl)
2381 o v -(7X7) surface, respectively. The large difference in calcu-
§ 5 § = lated surface state lifetimes for these two surfaces indicate

) Z (atomic units) that surface state lifetime measurements could be used to

probe surfaces of different reconstructions. Third, the com-

FIG. 7. Calculated potential for a positron at the clean reconputed positron bulk |if9time7lgrjeor, for bulk Si terminated by
structed Si100)-(2x 1) surface described within the asymmetric the (100) and (111) surfaces is found to be in good agree-
dimer model. A: 3D plot(viewed from the vacuum sigidor Y*

=0. B: Contour plot in theX*-Z plane forY* =
vacuum on the left. Contours are separated by 0.035 Hartree.

0 displayed with the

I paln(r)]=1+1.23r,+0.8295¢2 - 1.26¢ + 0.3286[ 2

+(1-1e.)rle,

(11

ment with the experimental bulk Si lifetimeg ®®" 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 Il that the theoretical annihilation
probabilities of the surface trapped positrons witl?Sand
2p core-level electrons are significantly different for the two
reconstructed Si surfaces studied. For example, th2pSi
core annihilation probability changes from 1.86% for the re-
constructed $1L00)-(2x 1) surface, described by the sym-

wherers is the usual electron densny parameter of a homometric dimer model, to 0.49% for the reconstructed$1)
geneous electron gaf4x/3)r3n_=1], ande., is the high- -(7X7) surface.
frequency dielectric constant. The form of EGl) is justi- The different values for the Qiss and 2p-core annihila-
fied by two constraints for the screening cloud of thetion probabilities obtained fofl00) and(111) surfaces of Si
positron given by Eqs(5a) and (5b).3%:52 with (2 1) and(7 X 7) reconstructions reflect differences in
The results of calculations of the surface state lifetimpe the localization of the positron surface state wave function at
for a positron trapped at the(&D0) and S{111) surfaces and these surfaces and show the sensitivity of positron annihila-
of the positron bulk state lifetimeg for bulk Si terminated tion characteristics to a specific atomic structure of the top-
by the (100 and(111) surfaces are presented in Table Il.  most layers of a semiconductor. It should be noted that metal
The positron annihilation rate,, with specific core-level surfaces showed little variation of positron annihilation char-
electrons, described by quantum numberand|, is com-  acteristics for different surfaces of the same mét&f!?18
puted within the LDA from the overlap of positron and elec- The increased sensitivity of the positron surface state wave
tron densities using Eq12): function to the reconstructions in semiconductors reflects the
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FIG. 8. Calculated ground state wave function for a positron at the clean reconstru@e6)-8§ x 1) surface described within the
asymmetric dimer model. A: 3D plgviewed from the vacuum sigléor 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: 3Dvigeted from the bulk for Y*=0.

fact that reconstructions at the relatively open semiconductor In order to properly compare theoretical and experimental
surfaces produce much larger changes in electron densitigdre annihilation probabilities, consideration must be given
(and the resulting positron surface potentiaisan do the to the Auger transition branching ratios for the various Auger
more moderate reconstructions at the close-packegtansitions which may result following the formation of a
transition-metal surfaces. The smaller value of th@ssaind  given core hole. In particular, the majority 86 holes decay

2p core electron annihilation probabilities obtained for thethrough thel L, 3V Auger channel leaving a hole in ti&p
Si(111-(7x7) surface when compared to the ones obtainedhell, which results in subsequebj vV Auger emission.

for the S{100-(2 X 1) surface reflects significant differences Taking into consideration the Auger branching ratios for dif-
in the behavior of the positron surface state wave function aterent decay channels of the core holes from Ref. 58 the
both surfaces. In particular, the presence of relatively larg@robabilities of the surface-trapped positrons giving rise to
“corner holes” on the reconstructed(811)-(7 X 7) surface L, 3VV Auger electrons are found to be 2.49% and 2.37% for
causes localization in all three dimensions of the positrorthe reconstructed &i00)-(2x 1) surface, described within
surface state wave function in these regions, thus, signifisymmetric and asymmetric dimer models, respectively, and
cantly reducing the overlap of the positron surface state wave.66% for the reconstructed ($00)-(7 < 7) surface, de-
function with core electrons of Si atoms at the reconstructe@cribed within the DAS model.

Si(111)-(7x7) surface when compared with the one that It should be noted that these results agree well with the
takes place at the @i00) surface with th&2 X 1) reconstruc-  experimental positron annihilation probabilities with Si core-
tion. level electrons obtained from estimates of the intensities of
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conductor surfaces are smaller than the ones obtained from

PAES measurements on transition metal surfécés.g.,

8.70% for Cy100) and 3.39% for FL00), and 8.02% for

Pd100)]. 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 planeZ,, the height of the ramp potentidlV, and

the positions of the start and the end of the ramp potemiial,

and z,, respectively, can be justified theoreticalsee Sec.

03 I, 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-
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@ ' E 317 g ' wmicuﬂi”) lations having modified these parameters. The positions of
°"1ic'lnns) TRy S the start and the end of the ramp potentzal,andz, respec-
@ tively, were changed up to 1.5 a.u.; in particular, the end of
the ramp potentiakz, was also chosen to coincide with the
2223 topmost layer of atoms for both Si surfaces. The height of the
-18.60 ramp pote_ntiaA_V was changed by 0.15 eV. The position of
14.97- the effective image-potential plang&, was changed by
' & N 0.3 a.u. The test calculations performed for all studied Si
-11.347 S surfaces have shown that these modificationZHfAV, z;,
= 1717 ‘)Iﬁ. and z, have a very small effect on localization and spatial
§ -4.08 );@))2 D)) extent of the positron surface states at semiconductor sur-
9 -0.451 @. @ faces. The_se_ modlflcat|on_s (Af\/,_zl, anq z, were found to
§ 3.18- DU cause negligible chenges in pos_|tron blnd|_ng energy, the pos-
< 680 ‘e 0 |'Fron surface state lifetime, and. in the ennlh!lat|on probabili-
o | ot Nl ties of the surface trapped positrons with2Si and 2p-core
1043 "!5’));'5')))) electrons for both th¢100) and(111) surfaces of S{of the
14.06 g @ order of 1%—-2%, 1%, and less than 1%, respectivelne
17.691 D)) modifications ofZ, were found to cause relatively small
21.324 M ¢ changes of the order of 10%, 7%, and 15% in the positron
24.95 +——1— binding energy, the positron surface state lifetime, and in the
REgLy core annihilation probabilities, respectively. The test calcula-
oo tions with modified parameters have shown that the annihi-
(b) Z (atomic units) lation probabilities of the surface trapped positrons with

Si2s and2p-core electrons remain significantly smaller for
FIG. 9. Calculated potential for a positron at the clean reconthe reconstructed @il1)-(7x7) surface when compared
structed Sil11)-(7Xx7) surface. A: 3D plot(viewed from the  with the results for the $100)-(2 X 1) surface, in agreement
vacuum sidg for Y=0. B: Contour plot in theX—Z plane forY  wjth experimental PAES data.
=0 displayed with the vacuum on the left. Contours are separated

by 0.045 Hartree.
V. CONCLUSIONS

the positron annihilation induceld, ;VV Auger transitions: ) _ )
2.042)% and 0.651)% for reconstructed $100)-(2x 1) We_have performed theoretical studies of the “image-
and S{111)-(7 X 7) surfaces, respectively.The best agree- potential” positron su_rface states at clean non-reconstructed
ment with experimental datd” is achieved for the recon- and reconstructed &i00-(2x 1) and S{111)-(7x7) sur-
structed Si100-(2x 1) surface described within the asym- faces using a modified superimposed-atom method, which
metric dimer model. The dtrapping of the positron in the includes discrete-lattice effects to account for the state of
corner hole regions of the reconstructed1%il)-(7 < 7) sur-  reconstruction of the semiconductor surface. The positron
face results in a reduced overlap of the positron surface statéas been treated as a single charged particle in a “correlation
wave function with the core electrons of the neighboring Siwell” in the proximity of surface atoms. Positron surface
atoms. This explains the reduction in the2Si and2p-core  states have been calculated by solving the three-dimensional
annihilation probabilities when compared to the results forSchrédinger equation numerically using the finite difference
the S(100-(2% 1) surface. relaxation technique.

The computed probabilities of annihilation for the surface The positron surface states at all Si surfaces studied were
trapped positron with Si core-level electrons for both semifound to have a lower energy than the energy of the lowest
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FIG. 10. Calculated ground state wave function for a positron at the clean reconstryttel-&ix 7) surface. A: 3D plotviewed from
the vacuum sidefor 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 plaviewed from the bulkfor Y=0.

lying extended bulk state indicating that the surface state is were shown to cause the positron potential corrugations to
stable trap for the positron prior to annihilation. The positronextend significantly deeper into Si lattice and to form a wide
surface state wave function has been found to be localizednd deep potential well with a minimum in the center of
mostly in the potential well on the vacuum side at both non-corner holes. The positron surface state wave function calcu-
reconstructed £100) and S{111) surfaces. The positron sur- lated for this reconstruction was found to be localized in all
face state wave function calculated for the reconstructethree dimensions at the corner hole regions of the recon-
Si(100)-(2 X 1) surface, while still localized in the potential structed Si111)-(7 X 7) surface. This “8 trapping” of the
well on the vacuum side of the topmost layer of Si atomspositron in the corner hole regions of the reconstructed
was found to extend through the topmost layer into the SBi(111)-(7 X 7) surface provides an explanation of the essen-
lattice in the regions where atoms are displaced from theitially isotropic electron-positron pair momentum density dis-
ideal terminated positions due to ti2X 1) reconstruction.  tribution observed in 2D-ACAR studies of the positron inter-
The positron surface state wave function was found to penactions with the reconstructed($11)-(7 X 7) surface®’
etrate even deeper into the Si lattice and to have its maxi- It has been shown that the orientation-dependent varia-
mum shifted even closer to the Si atoms of the topmost layetions of the atomic density and total electron density at the
than in the case of the non-reconstructedl@) surface  Si(100) and S{111) surfaces result in a corresponding depen-
when the(2 X 1) reconstruction is described using the asym-dence of the positron surface binding enefy The com-
metric as compared to the symmetric dimer model. puted positron surface binding energjj®® has been found

In the case of the reconstructed8i1)-(7 X 7) surface, to change with surface reconstruction and to be sensitive to
the much larger displacements of the Si atoms from theithe specific atomic structure of the topmost layers of sur-
ideal terminated positions due to tfiéX 7) reconstruction faces. The largest values of the positron binding energy have
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TABLE Il. Theoretical and experimental positron surface-state binding enefgjgsositron surface and bulk state lifetimesfor the
clean non-reconstructed($00) and S{111) surfaces, the reconstructed B)0)-(2 X 1) surfaces described within symmetric and asymmetric
dimer models, and the reconstructed13il)-(7 X 7) surface.

E, (eV) E, (eV) 75 Surface statéps) 7g bulk state(ps) 7g bulk state(ps)
System Theory Experiment Theory Theory Experiment

Non-reconstructed §i00) 2.53 637 218 219

Reconstructed $100-(2x 1) 2.12 2.067)2 674 219 219
symmetric dimer model

Reconstructed §100)-(2x 1) 2.06 2.067)2 687 219 219
asymmetric dimer model

Non-reconstructed Gi11) 3.20 619 215 219

Reconstructed §111)-(7X7) 2.74 2.697)2 484 219 219

Cu(100) 2,774 2.775)° 4789 109 109

Cu(112) 2.794 2.805)° 502 109 109

aReference 5.

bReference 40.
‘Reference 22.
dReference 23.
®Reference 56.
fReference 57.

been found to be correlated with the surfaces of smallesitaters have been found to be larger than in the bulk state, as
atomic density. Theoretical positron binding energf%ée"r expected. The computed values Qfwere found to be sig-
calculated for the reconstructed(800)-(2xX 1) and S{111) nificantly different for the reconstructed($00)-(2x 1) and
-(7x7) surfaces described within asymmetric dimer andSi(111)-(7x7) surfaces, respectively, indicating that posi-
DAS models, respectively, have been found to agree wellron lifetime experiments could be used to distinguish the

with experimentaEy P surfaces of elemental semiconductor with different state of
The impact of various surface reconstructions on the posreconstruction.
itron surface state lifetimeg and the annihilation probabili- It has been shown that, unlike different surfaces of tran-

ties of the surface trapped positrons with2Siand2p core-  sition metals, annihilation probabilities of surface trapped
level electrons has been studied. Theoretical positron bulkositrons with SPs- and 2p-core-level electrons are signifi-
lifetimes 75°° for bulk Si terminated by th¢100) and(111)  cantly smaller for the reconstructed(811)-(7x 7) surface
surfaces have been found to be in good agreement with exwhen compared with the results for the reconstructed
perimental bulk values, and positron lifetimes in the surfaceSi(100-(2< 1) surface. It has been confirmed that the sig-

TABLE lll. Theoretical and experimental positron annihilation probabilities with relevant core electrons,
pn, at the clean $100) and S{111) surfaces.

pn, (%) surface pn, (%) surface
(Theory) (Experiment
System Si2s Si2p Si2s+2p Si2s+2p
Non-reconstructed 8i00) 0.59 1.72 231
Reconstructed §100-(2x 1) 0.63 1.86 2.49 2.02)2
symmetric dimer model
Reconstructed §100)-(2% 1) 0.60 1.77 2.37 2.q2)2
asymmetric dimer model
Non-reconstructed Glil11) 0.36 1.03 1.39
Reconstructed 8111)-(7 X 7) 0.17 0.49 0.66 0.68)2
DAS model
Cu3s Cu3p Cu3s+3p Cu3s+3p
Cu100) 176 6.40° 8.18 8.7(7)¢
Cu111 1.47 559 7.08

aReference 17.
bReferences 22 and 23.
‘Reference 16.
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nificantly different values for the $is and 2p-core annihi- mated for the reconstructed ($00-(2x 1) and S{111)-(7
lation probabilities measured for the(800) and S{111) sur- X 7) surfaces have been found to be significantly smaller
faces with the (2x1) and (7X7) reconstructions, than the ones obtained for transition-metal surfafmsy
respectively, reflect the differences in behavior and extent 029% and 8%, respectively, of the ones obtained for the
the localization of the positron surface state wave function aCu(100) surfacé.
these surfaces and show the sensitivity of positron annihila- Theoretical results obtained in this paper confirm that
tion characteristics to a specific atomic structure of the topPAES intensities, which are proportional to annihilation
most layers of an elemental semiconductor. probabilities of the surface trapped positrons that results in a
Our calculations of the probabilities for the annihilation of core hole, are sensitive to the crystal face and surface struc-
surface trapped positrons with &b core electrons agree ture of the elemental semiconductor.
well with the corresponding probabilities estimated from the
PAES measurements on(800) and S{111) surfaces. Com-
parison of theoretical and experimental data confirms that the
best agreement is achieved for the reconstructéto8i-(2 The authors would like to thank A. P. Mills, Jr., K. G.
X 1) and S{111-(7 X 7) surfaces described within the asym- Lynn, R. N. West, D. M. Chen, and R. M. Nieminen for
metric dimer and DAS models, respectively. useful and stimulating discussions. This work was supported
Theoretical annihilation probabilities of the surface in part by the National Science Foundati@MR 9812628
trapped positrons with relevant Si core-level electrons estiand the Robert A. Welch Foundation.
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