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Abstract. Atomic and bond properties of silicon atoms
in the buckled =-bonded chain reconstructed
Si(111)(2 x 1) system were investigated by applying the
quantum theory of atoms in molecules to a number of
wavefunctions from periodic ab initio calculations using
a slab model for the surface and geometries from
experiment. Reconstruction involves much larger sur-
face-cell charge distortions than in the unrelaxed surface
and drastic changes in the atomic polarizations of the
surface layer atoms. The effect of buckling is to largely
differentiate the properties (charge, energy, volume,
atomic polarizations) of the two unique atoms of each
surface layer. The direction of electronic charge transfer
in the topmost chain (from the “up” to the “down”
atom) was found to be opposite to what was claimed
previously. The n conjugation is not strictly localized
along the topmost layer chains (where it is also largely
incomplete), but rather it extends over a 2D array of
bonds between the topmost and the lower surface layers.

Key words: Silicon surface reconstructions —
First principles calculations — Electron density
topology — Chemical bond — Surface-cell
charge distortions

1 Introduction

One of the central issues of semiconductor surface
physics is the reconstruction that the surface layers
undergo with respect to the bulk structure [1-3]. Arising
from the covalent character of bonding in most semi-
conductors, a very large change in the electronic
structure may occur as a result of the bond breaking
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and reforming that quite often accompanies surface
reconstruction. This change is of paramount importance
since the electronic structure of semiconductor surfaces
plays a crucial role in modern technology.

The Si(111) surface structure obtained after low-
temperature (7 < 600 K) ultrahigh vacuum cleavage and
before annealing to higher temperatures exhibits a 2 X 1
low-energy electron diffraction (LEED) pattern [1-4].
This surface is a prototype of clean semiconductor
surfaces and, although apparently simple, it has several
intriguing features which have motivated almost 30
years of experimental and theoretical effort [1-3].

A basic key to understand the properties of this sur-
face was provided by Pandey’s proposal [5] of a struc-
tural model known as the n-bonded chain model, lately
modified by several authors [6-16] by supplementing it
with various degrees of buckling of the topmost layer
chains. These improved models represent the lowest
energy 2 X 1 reconstructions at different levels of theory
[11-16] and, among the other structures proposed for
such a system [3], they give overall best agreement with
experiment; in particular with results from techniques
that either probe the surface geometrical structure, like
the quantitative LEED [7, 8, 10], the medium-energy ion
scattering (MEIS) [9], or that investigate the surface
electronic band features, like optical absorption [17],
photoemission [18] and inverse photoemission [19], an-
gle-resolved photoemission (ARPES) [18, 20], scanning
tunneling microscopy [21] and spectroscopy [22], etc.

The n-bonded chain model involves an extensive
displacement of the atoms in the surface layers, further
bond breaking besides that due to cleaving, and reb-
onding. Namely, the reconstruction affords two layers
of chain-bonded surface atoms: a top layer of threefold
and a lower layer of fourfold coordinated atoms. The
fundamental physical feature of the Pandey chain (PC)
model is that the surface dangling bonds are on nearest
neighbor sites rather than on next-nearest neighbor sites
as in the (111)(1 x 1) surface; thus the zigzag chain of
adjacent p, orbitals can, in principle, n-bond as in or-
ganic materials, leading to the formation of bonding and
antibonding surface 7 states and to the opening of a gap
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in the surface electronic structure as seen in photo-
emission experiments [18, 19]. A pronounced dispersion
in both the valence and the conduction surface bands
along the T'-J direction of the 2D reciprocal lattice (the
n-chain direction in real space) was also observed in the
ARPES experiments [18, 20]. The ability of the PC
model to reproduce such a dispersion has been a decisive
factor in its support [1-3, 23]. A substantial buckling of
the topmost layer chains (b = 0.3-0.5 A) is then essential
for a quantitative interpretation of most of the experi-
mental results and it is also an unbiased outcome from
the ab initio molecular dynamics simulation of the sur-
face reconstruction [13] as well as from the other most
recent theoretical approaches [11, 12, 15].

While there has been a great surge of interest in the
surface electronic states of the Si(111)(2 x 1) surface, few
studies [12, 14] have afforded the “‘chemical” features of
this surface reconstruction.

Firstly, the nature of the bonding along the so-called
7 chain of the PC model deserves a closer inspection.
Indeed 7 conjugation is expected to be rather unusual in
the case of silicon, since no silicon analogues of benzene
or graphite are actually known. The studies of Badziag
and Verwoerd [12] and of Craig and Smith [14] consid-
ered the 7 bonding along the chains, using semiempirical
cluster or slab calculations and orbital localization
procedures for the bond analysis. Their conclusion was
that the generally accepted assumption that atoms along
the chains are = bonded needs revision and that there is
also an important net electron transfer from the lowered
to the raised chain atoms which seemingly counteracts «
bonding. The direction of such charge transfer is, how-
ever, rather unexpected if one realizes that the lowered
chain atom has a nearly planar sp”> bonding arrange-
ment, while the raised one shows an sp*-like hybridiza-
tion pattern. On the basis of purely energetic
considerations one would expect an electron transfer in
just the opposite direction to that claimed by Badziag
and Verwoerd [12], Craig and Smith [14], and Ancillotto
et al. [13].

Secondly, there are many other chemical features,
following reconstruction, that call for further investiga-
tion. In fact, as prompted by Duke [1], the semicon-
ductor surface structure should be appropriately
visualized as a totally new 2D compound, epitaxially
bonded to its bulk substrate, and exhibiting properties
distinct from either the corresponding bulk solid or
molecules based on the same atomic species. Of partic-
ular interest is the study of

1. The bonding properties and extent of = delocalization
in both the topmost and lower layers of the surface.

2. The details of the overall charge transfer and ener-
getic stabilization ensuing reconstruction.

3. The driving forces leading from the nonreconstructed
Si(111)(1 x 1) surface to the (2 x 1) structure.

The aim of this article is, therefore, to provide a
direct-space quantitative description and understanding
of the Si (111)(2 x 1) surface reconstruction, as an effort
to fill the gap of chemical knowledge on this system.
A slab model for the surface, experimental geometries
consistent with the PC model, and a fully periodic first

principles approach is adopted in our calculations. As
in our previous study of the Si (111)(1 x 1) and Si
(111)(1 x 1)-H systems [24], the “chemical” information
is derived by analyzing the computed wavefunctions in
terms of the quantum theory of atoms in molecules
(QTAM) [25]. This theory is firmly rooted in quantum
mechanics, defines atomic subsystems whose properties
are determined by physics and, in contrast to conven-
tional methods of analysis, makes no use of any Hilbert
space partitioning to extract information from wave-
functions. This fact appears as particularly welcome
when dealing with homonuclear systems where — in spite
of their being described by the same set of basis func-
tions — large charge transfers among the atoms arise
because of the quite different geometrical environment
they experience. The ability of QTAM to deal with a
quantitative analysis of the changes in bonding and
atomic properties of Si in a variety of perturbed dia-
mond-like Si lattices has been well documented [24, 26,
28]; namely, in the study of the self-interstitial clusters in
silicon bulk [26], or of the bond-defect complexes also
formed in Si bulk by the incomplete recombination of a
vacancy—interstitial pair [27], or, finally, in the charac-
terization of the properties of the first layer silicon atoms
following surface formation and hydrogen adsorption
on Si(111)(1 x 1) [24]. The use of QTAM should enable
us to place the peculiar properties of the new 2D silicon
compound, envisaged by Duke [1] and formed through
the PC 2 x 1 surface reconstruction, on a quantitative
basis. The bulk silicon and the ideal Si (111)(1 x 1)
nonrelaxed surface are used as suitable reference systems
in this work.

The article is organized as follows. Section 2 illus-
trates how we defined the slab models for the recon-
structed surface and which computational procedures
have been adopted. A brief survey of QTAM concepts
used in the present work is also outlined. A thorough
discussion of energetic results and of changes in the
atomic and bonding properties ensuing the PC 2 x 1
surface reconstruction follows in Sect. 3. Comparisons
and discrepancies with previous results are also high-
lighted and discussed there. Section 4 concludes.

2 Computational details

2.1 Hamiltonians

Calculations were performed using either the Hartree—Fock—
Roothaan or the density functional Kohn-Sham fully periodic
approaches, as implemented in the CRYSTAL98 code [29]. The
local density approximation (LDA) [30], Becke’s three parameter
hybrid method with the Lee, Yang, and Parr correlation functional
[31], or the Perdew—Wang generalized gradient approximation
(PWGGA) correlation and exchange potentials [32] were tested
in the density functional theory (DFT) computations. The use of
restricted Hartree-Fock (RHF) and unrestricted Hartree—Fock
(UHF) or of restricted and unrestricted DFT formalisms has
allowed us to study either spin-nonpolarized or spin-polarized
surfaces with antiferromagnetic or ferromagnetic spin alignments in
the 2 x 1 unit cell. To force a spin-polarized solution the number of
o and f electrons at all k points was locked [29] either for the first 20
self-consistent-field (SCF) cycles (antiferromagnetic case) or for at
least the first 30 SCF cycles (ferromagnetic case), and then released.
Ferromagnetic and antiferromagnetic solutions were started [29] by



computing the initial density matrix as the superposition of atomic
densities and by assigning aa or of initial spin configurations to the
two unique atoms of the topmost chain.

2.2 Basis sets

A 3-21G(d) type basis set was adopted [24, 33] using a fixed 0.6
exponent for the d function. The two scaling factors (SF) of the
outermost sp shells were recursively optimized along with the cell
parameter for the diamond structure of bulk silicon until their
changes from cycle to cycle did not exceed 0.001 and 0.001 A,
respectively. Final adopted values for the reference bulk silicon and
the reconstructed surface were 1.425 (inner valence shell SF), 1.390
(outer valence shell SF), and 5.475 A (cell parameter) at the RHF
level and 1.387, 1.354 and, 5.489 A, respectively, at the DFT/
PWGGA level. The experimental cell parameter is 5.431 A [34].

2.3 Si(111)(2 x 1) surface model and geometry

A slab model for the surface and the related “SLAB” keyword in
the CRYSTAL98 code were adopted. A slab is a 2D periodic
structure, with two infinite periodic surfaces parallel to a chosen
crystalline plane [in our case (111)] and a finite thickness [35]. We
used a centrosymmetric slab, with a 2 x 1 unit cell and consisting of
14 layers, for a total of 28 Si atoms per cell. A ball-and-stick rep-
resentation of the seven unique layers considered in our slab model
for the PC reconstructed Si(111)(2 x 1) surface and the corre-
sponding layers for the nonreconstructed Si(111)(1 x 1) surface is
shown in Fig. 1. There is one unique atom (SiNL, N =1,7) per
layer in the nonreconstructed surface and two such atoms
[Si(2N — 1) and Si(2N), N = 1,7] in the reconstructed surface. Since
a slab single-point calculation required about 40 h of computing

Si2L Sl“ L.

Fig. 1. Stick-and-ball representation and atomic numbering of: top
the Si(111)(1 x 1) unrelaxed surface; bottom the Si(111)(2 x 1)
reconstructed surface according to Pandey’s n-bonded chain model
[5] and the low-energy electron diffraction (LEED) geometry by
Himpsel et al. [7]. Upon reconstruction, the surface dangling bonds
are on nearest neighbor rather than on next-nearest neighbor sites
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time on a RISC machine of 20 SPECfp95 central processing unit
peak performance, the global search of the equilibrium structure of
the reconstructed surface was out of the reach of the computational
approach adopted. More importantly, it was also beyond the scope
of the present work. The atomic coordinates of the first 12 non-
equivalent Si atoms in the Si(111)(2 x 1) surface were therefore
taken from either LEED [7] or MEIS [9] structural analyses (both
providing atomic positions down to the sixth layer), while those of
the remaining two nonequivalent atoms were fixed at their bulk
value. This choice ensures and assumes the presence of two central
geometrically unperturbed layers of atoms in the adopted slab
model. Finally, for each model Hamiltonian, the atomic coordi-
nates were scaled so as to yield, for the short axis of the 2 X 1 unit
cell, the same cell parameter as found for silicon bulk at the same
level of theory. The final adopted geometries are hereinafter
denoted as LEE or MEI to recall their derivation from LEED [7]
and MEIS [9] analyses, respectively.

We note that the atomic positions from LEED or MEIS are not
directly derived from experiment, rather they are in both cases the
result of a model analysis that combines the available experimental
outcomes with a Keating-like strain energy minimization [36, 37].
Subsurface relaxations and missing experimental information are
taken into account in this way [7, 9].

At variance with MEIS determination [9] the LEED structure
[7] exhibits an overall compression, as the outer chain moves 0.2 A
inward. However both analyses agree on a stronger buckling in the
upper chain (b =0.38 and 0.30 A for LEED and MEIS, res-
pectively) and a smaller one (b =0.07 and 0.15 A) in the lower
chain, the b value being the absolute difference between the z co-
ordinates of the two unique atoms of each layer and the z-axis
being the surface normal. Significant buckling is also found in the
succeeding three layers by both structural analyses. The amount of
buckling in the outer chain estimated by the LEED analysis is close
to the extreme case, where the down atom (Si2, Fig. 1) has a planar
sp® bond configuration and, along with that found for the lower
chain, it is much closer than MEIS estimates to the bucklings
determined in a number of first principles investigations [13, 15, 16].
The latter studies used the local density functional approximation,
a plane-wave basis set, and the related exploitation of the
Hellmann—Feynman forces in the total-energy minimization [38].

2.4 Si(111)(1 x 1) surface model and geometry

For comparison purposes with the reconstructed surface, the
nonrelaxed (NR) geometrical model of the Si(111)(1 x 1) slab was
selected and defined as in Ref. [24]. Computations were done at the
ROHEF level, using the same basis set adopted for the bulk and the
reconstructed surface. The ROHF energy was found to differ from
the UHF estimate by less than 0.3 kcal(mol cell) ™.

2.5 Bond and atomic properties

The QTAM was used for characterizing the Si atomic properties
and the Si—Si bond properties within and among the various layers.
A thorough summary of QTAM may be found in Ref. [25]; here
we recall a few key points as an introduction to the notation
and quantities used in Sect. 3 and place special emphasis on those
aspects that are peculiar to the study of surface systems and/or
to their reconstruction processes.

QTAM is based on a generalization of Schwinger’s principle
[39] of stationary action so that a single principle provides the
quantum mechanical description of both the total system and of its
constituent atoms [25]. This generalization is unique as it applies
only to those subsystems, €, that satisfy the variational constraint
(Eq. 1) of being bounded by a surface, S, of local zero flux in the
gradient vector of the electron density, p(r)

Vo(r)-n(r)=0 Vres (1)

The subsystems Q are termed proper open systems [40], are defined
in real space, and have the property of being the only subsystems
for which observables are described by the correct Heisenberg
equation of motion. Since the electron distribution for a many-
electron system generally exhibits local maxima only at the nuclei
[25], the quantum boundary condition given in Eq. (1) yields a
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partitioning of a chemical system in a disjointed set of mononuclear
regions also termed atoms in a molecule or in a crystal. As a result
of this partitioning, the system average of an observable is given by
a sum of atomic contributions. The number of electrons, N(£2), the
atomic net charge, ¢(Q) = Z(Q) — N(Q), the first moment, p(Q), the
electronic energy, E,(Q2), and the atomic volume, V(Q), were among
the most important atomic properties evaluated for the unique
basins of our slab model for the Si (111)(2 x 1) surface.

The different hybridization, or whatever departure from perfect
tetrahedral symmetry of Si atoms following cleavage and surface
reconstruction, may be revealed [27] by the analysis of both the
individual components and the nonvanishing magnitude of the first
moment of atomic distribution, p(Q). It is given as the atomic
average of the electronic position vector, ro with the origin at
the nucleus of the atom Q, p(Q) = —fgrgp(r)d‘c, and measures
the displacement of the centroid of the negative charge from the
nucleus.

The electronic energy of each atom in a slab may be obtained
[25] from the negative of the atomic kinetic energy, —G(£2), since, as
are all theorems derived from Heisenberg’s equation of motion, the
virial theorem also holds for any proper open system. When there
are no forces acting on any of the nuclei in the system, the sum of
electronic energies, E., equals the total energy, E, including nuclear
repulsion. Our slab system is not at an equilibrium geometry and,
therefore, one should also include in the sum the virial of the net
forces acting on the nuclei to get the total energy, E=E, +
> X, F,. In practice, since the Hellmann—Feynman forces on the
nuclei, F,, are not available within CRYSTAL98 and since
approximate wavefunctions do not, in general, exactly satisfy the
virial theorem — even in the case of an equilibrium geometry — the
values of —G(Q) were scaled so as to satisfy the restricted statement
of the virial theorem, 7= —F, and to thus obtain a set of atomic
energies which sum to the total energy. Therefore, the changes,
compared to the value in the bulk silicon, of the atomic energies of
the Si atoms in the reconstructed surface include, besides changes in
the usual potential-energy terms (e-n attractive energy, e-e and n-n
repulsive potential energies), additional contributions arising from
the virials of the net repulsive or attractive forces acting on the
nuclei [25, 41].

In the case of a slab, the basins given by Eq. (1) may exhibit
either an infinite volume (and their corresponding atoms may be
classified as surface atoms) or a finite volume. A comparison of
the atomic sizes of both cases may therefore be accomplished
by selecting a particular envelope of the electron density and by
defining the atomic volume as the region of space enclosed by the
intersection of the atomic surface of zero flux with the chosen
envelope. We used the volumes V1 and V2, which are determined
using the 0.001 and 0.002 au density envelopes. A physical
meaning is associated with this particular choice since V1 data are
known [42] to give molecular sizes that are in agreement with
those determined from the analysis of kinetic theory data for gas
phase molecules, whereas V2 yields [43] molecular sizes that can
be employed in describing the closer packing found in the solid
state. The V1 volumes were found to contain more than 99.8% of
the total atomic charge in any of the unique Si atoms in the slab
and a fortiori in silicon bulk (where V1 equals the total volume of
the silicon atom), while V2 may significantly differ from V1 for
atoms in the outermost layers. We introduced [24] the dimen-
sionless diffuseness parameter, D =[(V'1 — V2)/V1] x 100, as a
quantitative and further index of surface character of a silicon
atom in a slab.

The gradient vector field of p(r) not only determines the boundary
condition for a proper open system but also provides a definition of
the molecular structure or, generally, of the pairwise interactions
present in an assembly of atoms [25]. Two atoms Q and Q” are linked
to one another if their nuclei are connected by a line — bond path —
where p(r) is a maximum with respect to any lateral displacement
from the line. It has recently been shown [44] how a bond path is a
universal indicator of a bonded interaction in a system in stable
electrostatic equilibrium. Although the latter condition is not strictly
satisfied by our slab model, we believe that the Si atoms in the
adopted reconstructed surface are not so seriously displaced from
their equilibrium positions so as to affect the bond path network or to

significantly change the associated bond properties'. The point ry,
where the density attains its minimum value along the bond path, isa
critical point in p(r) — that is Vp(r,) = 0 — and it is called a bond
critical point (BCP). It has been demonstrated [45] that the local
properties of p(r) at the BCP sum up very concisely the nature of the
interaction occurring between the two linked atoms. While the bond
network in the reconstructed surface is largely anticipated on the
basis of geometrical considerations only, QTAM may, in this case, be
particularly useful to put on a quantitative basis the changes occur-
ring in the Si—Si bond properties with respect to the bulk silicon and
especially to the nonreconstructed surface. Among the bond prop-
erties investigated here are the displacement, Agcp, of the BCP from
the bond midpoint and the value of p(r) and of its three curvatures, 4;
(41 £ 25 £ 43), at the BCP. The latter are the three eigenvalues of the
Hessian matrix of p, whose trace, given by their sum, yields V?p, the
Laplacian of the electron density. The BCP is expected to be displaced
towards the less electronegative Si atom, while the electron density
and the parallel curvature A5 at the BCP are predicted [24] to increase
and decrease with decreasing bond length, respectively.

We also analyzed the bond ellipticity, ¢, and the ellipticity
profiles along the Si—Si bond paths. ¢ is defined in terms of the two
negative curvatures at the BCP, ¢ = (1;/4,) — 1. Analogously, one
may calculate a local ellipticity value at each point of the bond path
[27, 46]. The bond ellipticity is zero for Si—Si bonding in bulk and is
greater than zero for any departure of the Si atomic distribution
from perfect tetrahedral simmetry [24, 27]. For homopolar bonds,
the ellipticity remains essentially constant over the valence regions
of both bonded atoms and the value of ¢ at the BCP is a useful
measure of the preferred spatial arrangement of the valence density
[46], However, upon surface reconstruction and buckling, the Si
atoms undergo different rehybridizations which may yield a sig-
nificant charge transfer between bonded atoms and an appreciable
displacement of their BCP from the bond midpoint. In such a case,
the bond ellipticity value alone is not really indicative, while an
analysis of the whole valence ellipticity profile may shed light on the
preferred spatial arrangement of the valence density and on the
different contributions to such a charge rearrangement arising from
the two linked atoms.

The Laplacian field not only yields information on the nature of
atomic interactions [25, 45] but also allows recovery [47] of the
model of localized bonded and nonbonded electron pairs antici-
pated on the basis of the Lewis model [48]. This mapping has re-
cently been established [49] on a firmer theoretical basis. Indeed, the
local charge concentrations (CCs) displayed by the Laplacian of
the electron density, the local maxima in L(r) = —V?p(r), signify the
presence of regions of partial pair condensation, i.e., regions with
greater than average probabilities of occupation by a single pair of
electrons [49]. The Sil and Si2 atoms in the Si(111)(2 x 1) surface
have a nominal dangling bond, whose corresponding single localized
electron should also be mapped [50, 51] or not mapped in a CC of the
Laplacian field depending on the extent of bond reconstruction.

Application of QTAM to our slab model was made possible by
the code TOPOND?9S [52], which is interfaced [53] to CRYSTAL98
[29]. Elapsed processing times for evaluating the atomic properties
of one unique Si atom in the reconstructed surface were typically
as long as 40 h. The accuracy of the numerical determination of
integrated properties was judged against the computed values for
the atomic Lagrangian L(Q) = —1/4JoV?p, a quantity that should
vanish because of the atomic basin boundary condition (Eq. 1).
The values of L(Q) obtained were typically less than 2 x 107 au
and the total number of integrated electrons differed from the
theoretical value by less than 0.01e.

2.6 Scanning tunneling microscopy topography

Electron density maps, obtained from the density matrix projected
onto a narrow energy region around the Fermi level, may be related

"When there are residual net forces on the nuclei, a bond path
should be rather termed as an atomic interaction line; however, for
the sake of simplicity, the bond path terminology is retained in the
following.



[54] to the scanning tunneling microscopy (STM) charge densities,
within the Tersoff-Hamann approximation [55]. TOPONDOYS is
also able to deal with these energy projected density matrices,
which were evaluated with the PDIDE option of the CRYSTAL98
package [29].

3 Results and discussion
3.1 Energies

Computed relative energies of the reconstructed surface
are reported in Table 1 for the various geometries and
Hamiltonians, and for the ferromagnetic and antiferro-
magnetic solutions.

Table 1 shows that

1. The electronic structures involving rebonding of the
Sil and Si2 “dangling bond” electrons are about 20—
30 kcal mol™! more stable than those — ferromagnetic
solution — where such rebonding is not allowed; the
different behavior with respect to the Si(111)(1 x 1)
surface, which has degenerate ferromagnetic and
antiferromagnetic states, [59] agrees with the nearest,
instead of the next-nearest, neighbor site locations of
the surface dangling bonds, characterizing the recon-
structed surface.

2. At variance with all kinds of DFT Hamiltonians
tested by us, the HF method predicts an insulating
reconstructed surface, as found experimentally [18,
19]; previous plane-wave geometry optimized LDA
calculations [13, 15, 16] recover an insulating state,
yet with a direct surface-state band gap (about 0.2—
0.3 eV) which is less than half the experimental value
from photoemission experiments [18, 19]. Thus, it is
likely that even a small displacement from the
equilibrium geometry or the adoption of a local basis
set might lead to a conductive instead of an insulating
state; such a problem does not occur with the HF
method, which is known to largely overestimate the
gap [56].

3. Use of an UHF formalism yields a substantial energy
lowering (13-14 kcal mol-!), while not significantly
affecting the energy difference between the ferromag-
netic and antiferromagnetic states. Besides, the UHF
approach predicts a dispersion (about 0.7 eV) of the
surface band along the I'-J direction that is very close
to experimental values (0.6-0.8 eV) [23] and about
half of our RHF estimate (1.3 eV).

4. Adoption of LEE or MEI geometry yields compara-
ble energies at all levels of theory.

A final comment on these energy and band results
is mandatory. As widely acknowledged [56], it is not,
in principle, correct to judge the quality of a periodic
ab initio calculation on the basis of the agreement with
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the experimental band structure. Indeed, the HF and
DFT Kohn—Sham one-electron eigenvalues can only be
related very vaguely to this quantity which would re-
quire an adequate description of both the excited and the
ground states to be appropriately calculated. Moreover,
the Kohn—Sham pseudoeigenvalues do not even have the
physical meaning that is attached to the HF ones by
Koopmans’ theorem [57]. However, because of the me-
tallic description and the related occurrence of partially
filled bands in our DFT calculations, or because of the
substantial energy lowering and the much better estimate
of the surface band dispersion provided by the HF
method when the restricted spin—orbital constraint is
released, we will give, in the following, more credit to the
UHF rather than to the other descriptions of bonding
and atomic properties upon surface reconstruction.

3.2 Atomic properties

A number of atomic properties for silicon atoms in the
Si(111)(2 x 1) and Si(111)(1 x 1) slabs relative to bulk
silicon are reported in Table 2.

3.2.1 Atomic charges

Upon reconstruction, electroneutrality is practically
reached after the first two layers, as was found [24] for
the nonreconstructed surface [Zq(€2) values, Table 2],
the top layer (Sil +Si2) being, on average, negatively
charged and the lower surface layer (Si3+Si4) being
positively charged. Also the polarity of the surface
double layer [58] is the same in the two slabs. Conversely,
the very important changes ensuing reconstruction
concern the extent of surface-cell charge distortions
[58], i.e. the charge separation in the double layer, the
individual atomic charges which in the top layer are
(UHF result) one order of magnitude greater than those
in the nonreconstructed surface, and, finally, the large
charge difference between the unique atoms in each layer.
Indeed, at the UHF level, the net charge of each surface
layer is about twice as big as that carried by two SilL or
Si2L atoms in the nonreconstructed surface, with the net
negative charge of the topmost layer arising from highly
negatively charged Si2 and slightly less positively charged
Sil atoms. Charge differences in the lower layer are
only just less pronounced, the two unique atoms being
nevertheless both positively charged (UHF result). Thus,
as previously stated [12-14] the effect of buckling is to
largely differentiate the unique atoms in the two surface
layers; however, the electron charge was found to flow
from the “up” (Sil) to the “down” (Si2) atom of the
topmost layer rather than in the reverse direction as
claimed before [12-14]. Inspection of bond angles

Table 1. Si(111)(2 x 1) slab. : - : :
Relative energies [kcal(mol - Geome_try RHF or UHF Spin unrestricted Spin unrestricted
half cell)™"]. The notation aand ~ and spin ROHF DFT/B3LYP DFT/PWGGA
af refers to the initial spin setting

for Sil and Si2 atoms (see text). ~ LEE, ax 19.1 () 8.6 (I) 30.3 (O

Electronic structure: insulating ~ LEE, af 0.0 (D -13.4 () 0.0 (C) 0.0 (O

(D); conducting (C) (see text) MEL of 0.6 (I) —-14.7.(I) 3.1(C) 7.4 (C)
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Table 2. Atomic properties for silicon atoms in the Si(111)(2 x 1)
and Si(111)(1 x 1) slabs and relative to bulk silicon. All quantities
in atomic units; data for Si(111)(2 x 1) refer to the
antiferromagnetic and to unrestricted Hartree-Fock (HF) or
density functional theory (DFT) solutions; data for Si(111)(1 x 1)
refer to the nonrelaxed (NR) model (see text) and the 3-21G(d)
basis set; energies, AE, and volumes, AV'1, are given relative to bulk

silicon (AX = Xgap — Xpus X = E,V1), calculated at the
restricted HF (RHF) or DFT/ Perdew—Wang generalized gradient
approximation (PWGGA) level and corresponding optimum
geometry, using 3-21G(d = 0.6) basis set; diffuseness is a
dimensionless quantity, given by D = (V1 — V2)/V1 x 100; the
atomic dipole is zero for the tetrahedrally coordinated Si atom in
bulk silicon

Model Quantity Si(111)2 x 1) Si(111)(1 x 1)
Sil Si2 Si3 Sid 3(Q) SilL Si2L Q)
UHF//LEE AE(Q) 0.009 -0.151 0.033 0.106 ~0.003
UHF//MEI 0.008 -0.155 0.080 0.130 0.063
PWGGA//LEE 0.043 -0.033 0.023 0.078 0.111
ROHF//NR -0.038 0.037 -0.001
UHF//LEE 4(Q) 0.138 -0.225 0.009 0.071 ~0.007
UHF//MEI 0.164 -0.248 0.009 0.076 0.001
PWGGA//LEE 0.049 ~0.077 ~0.004 0.038 -0.002
ROHF//NR ~0.019 0.016 ~0.003
UHF//LEE Q)| 0.50 0.17 0.21 0.11 ~0.37*
UHF//MEI 0.54 0.18 0.22 0.14 -0.30°
PWGGA//LEE 0.49 0.17 0.16 0.11 ~0.54*
ROHF//NR -0.23 0.06 ~0.17
UHF//LEE D(Q) 8.5 5.9 45 32 5.5
UHF//MEI 9.9 7.2 49 3.0 6.3
PWGGA//LEE 8.6 5.8 43 32 5.5
ROHF//NR 9.3 1.8 5.5
UHF//LEE AVI(Q) 28.2 353 48 0.5 17.2¢
UHF//MEI 31.1 419 10.0 2.9 21.5°
PWGGA//LEE 34.7 322 5.8 1.3 18.5°
ROHF//NR 25.1 25 13.8

#Sum over the 1, components, where z is the axis perpendicular to the slab surfaces; a negative sign means that the charge is displaced

outwards from the surface
® Average D value; the D value in the Si bulk is 0.7

¢ Average AV1 value; the V1 value for the Si bulk is 138.4 au and equals the total volume of the basin

involving Sil (LEED [7]: 109.3° and 116.8°; MEIS [9]:
108.9° and 117.8°) and Si2 (LEED: 116.8° and 121.6°j'
MEIS: 117.8° and 120.6°) suggests a nearly planar sp
arrangement for the latter and a partial sp® pyra-
midalization of the former atom. The electron flow
direction obtained by us, using QTAM, complies with
this geometrical arrangement and related hybridization
pattern, and it is further confirmed by the very large
stabilization energy found for Si2 as opposed to the small
energy destabilization found for Sil atom and by other
charge rearrangements and bonding features. Our rea-
soning is also strengthened by the observation that the
electron population and the absolute energy of Si atom
increases by 0.738e and 0.192 au, respectively, on passing
from the sp3 hybridized Si in disilane to the sp2 hybridized
Siin disilene [RHF/6-311 + + G(2d,2p) calculations] [60].

Instead, the reverse electron flow direction was, in the
past, initially explained by assuming that buckling of the
surface chain (a Jahn-Teller type symmetry breaking)
resulted in a transfer of electronic charge from the p,
dangling bond orbital of the lower atom into an energet-
ically lower s-type dangling bond orbital on the raised
atom (see discussion in Ref. 14). Later on, Badziag and
Verwoerd [12], in a localized orbital analysis of their
MINDO/3 cluster study of the Si(111)(2 x 1) recon-
struction, proposed a mechanism which is equivalent to
this but with the rehybridization of the back bonds, rather

than of the dangling bonds, playing the dominant role.
These authors found a net charge of —0.27¢ on the “up”
and of 0.18e on the “down” Si atom, the electron popu-
lation increase of the ““up’ atom being the result of a small
increase (0.07¢) of its p and of a larger augmentation
(0.20e) of its s population, compared to the bulk. The
decrease in population of the “down’ atom was, on the
other hand, due to a noteworthy lowering (0.31e) of its p
population, only partly compensated for by a moderate
increase (0.13e) in its s population. In practice, despite the
fact that the occupied dangling bond orbital on Sil in their
model is almost completely p, in character, Badziag and
Verwoerd [12] found a very little net increase in the total p
electronic charge on this atom. Conversely, they found a
high (45-50%) s content on all of the ¢ bonds in which
chain atoms participate as a result of an overall transfer of
p charge from the “down’ atom to the s charge associated
with the back bonds of the raised atom. More recent
SLAB-MINDO calculations [14] confirmed the net elec-
tron flow from the Si2 to Sil atom, yet this was accom-
panied by a slight decrease in the s charge on each raised
atom and a significant increase in its total p charge, nearly
all of which goes into its occupied dangling bond. Both
MINDO analyses [12, 14] agreed in refusing 7 bonding as
the major driving force behind the chain model, a con-
clusion partially consistent with our study, despite the
opposite direction found by us for the electron flow in



the topmost layer. Still, how can this reverse flow be
explained? Is this the result of the adopted computational
model or rather of the different partitioning scheme used
to define the atomic populations? Mulliken’s analysis of
the spin-polarized wavefunctions assigns small negative
charges to Si2 (—0.053e and —0.003e at the UHF//LEE
and PWGGA//LEE level) and either negligible positive
(0.002e, UHF//LEE) or small negative charges (—0.034e,
PWGGA//LEE) to Sil. Conversely, Sil is predicted to be
negatively charged (—0.134e) and Si2 to be positively
charged (0.093e) by Mulliken’s analysis at the RHF//LEE
level. Thus, using a partitioning of electrons in the space of
the basis functions, we recover either (non spin-polarized
solution) the same charge transfer direction as found
previously [12-14] or very small charge fluxes whose
directions depend on the kind of spin-polarized Hamil-
tonian adopted. Instead, using QTAM partitioning, the
Si2 atom was always found to be negatively charged and
the Sil atom was always found to be positively charged,
with the non-spin-polarized solution (RHF//LEE) yield-
ing a large further strengthening of the electron flow from
Sil (¢ = 0.520) to Si2 (¢ = —0.550).

It is also interesting to investigate how the electronic
perturbation caused by cleaving and ensuing surface
reconstruction propagates and dampens through the
first Si atoms layers2. In the hydrogen-covered and
clean Si(111)(1 x 1) slabs, Si atoms were found to exhibit
bulk populations beginning from the fourth layer
inwards [24]. The surface reconstruction occurring in
Si(111)(2 x 1) induces appreciable charge distortions up
to and including the fourth layer (Si5+ Si6 = —0.023¢;
Si7+Si8 = 0.048¢e; UHF//LEE), while from the fifth
layer inwards the layers and their unique atoms may
be considered as practically neutral within integration
error. The large net charge found for the fourth layer
agrees with its significant subsurface relaxation [7].

While there is a limited effect of geometry on the net
charges in the first layers (compare UHF//LEE and
UHF//MEI results), larger differences arise by using the
spin-polarized DFT instead of the UHF approach. DFT
predicts the same double layer polarity as the UHF
model, but with much less charge separation between the
layers. Net atomic charges at the PWGGA//LEE level
are about one-third of the UHF ones for the topmost
layer. Such differences are probably to be ascribed to the
metallic, rather than insulating, description obtained for
the reconstructed surface at the DFT level.

3.2.2 Atomic first moments

The magnitudes, |p(Q)|, of the atomic first moment of
the Si atoms in the surface layers are listed in Table 2,
while Fig. 2 shows the nonvanishing components, nor-
mal (z) and parallel (y) to the surface for the UHF//LEE
case. The Si atoms undergo a drastic change in their
polarizations, from the only z direction exhibited in the
nonreconstructed surface to comparable and very large
polarizations, normal and parallel to the slab surface in

2 For the sake of conciseness these results are not reported in the
table but can be obtained upon request
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Fig. 2. Atomic first moments, p(Q2), of the atoms in the topmost
and lower surface layers of the Si(111)(2 x 1) surface. The arrows
[unrestricted Hartree-Fock (UHF)//LEE results] are directed as
n(Q) (from the negative to the positive centroid of atomic charge)
and their length is proportional to |p(€)|. The values in atomic
units of [u(€2)[, py and p, are reported in a box, from top to bottom,
for each atom

the reconstructed system. Figure 2 is a pictorial, yet
quantitative, representation of one of the important
effects ensuing the formation of a new 2D compound [1]
upon surface reconstruction. The polarization magni-
tudes of Sil or Si2 atoms are, respectively, twice as
big or just a little smaller than those of SilL in the
Si(111)(1 x 1) surface. The atomic first moment magni-
tudes of Si3 and Si4 are 2-3 times larger than those of
Si2LL atoms in the nonreconstructed surface.

The “up” atom (Sil) is significantly polarized out-
wards (p, = —0.39 au; UHF//LEE), even more than the
SilL atom (p=p = —0.23 au) in the Si(111)(1 x 1) sur-
face, which has a localized unpaired electron in an sp’
dangling bond [24] Conversely, the “down” atom (Si2)
exhibits a much smaller (i, = 0.08), and directed inward,
component of the polarization normal to the surface.
The dominant polarization component of Si2 atom is
directed parallel to the surface (puy, =0.16) and places
electronic charge along the Si2-Sil bond, while this same
component in Sil (p, = 0.31) is directed so as to remove
charge from the bond. These different polarizations of
the up and down atoms agree with a big electron pop-
ulation in a dangling sp® orbital (pointing towards + z)
of the Sil atom and with preferential electronic charge
accumulations towards the Sil atom in Si2.

The outward polarization of surface atoms is typical
[58] of a finite monoatomic crystal and, as mentioned
earlier, was recovered in the nonreconstructed surface
[24]. The 2D reconstruction occurring in Si(111)(2 x 1)
also yields a net outward polarization for the topmost
layer, as a result of the prevailing outward polarization
of Sil over the inward polarization of Si2 atoms. The
Sil centroid (computed from —p,qo/Ng) is displaced
0.028 au outwards, while that of Si2 is displaced only
0.005 au inwards (Si3 = 0.008 au outwards, Si4 =
0.005 au inwards). The corresponding displacements in
the unrelaxed surface are 0.016 au outwards (SilL) and
0.004 au (Si2L) inwards.

Finally, we note that the qualitative picture of atomic
polarization was found to be independent of the geom-
etry and the method used to compute the electronic
structure of the reconstructed surface.
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3.2.3 Atomic energies

Atomic energies are given in Table 2 relative to bulk
silicon [AE(Q) = E(Q)g.5—E(Q)pui] for the atoms of the
first two layers. Before discussing the reported energy
changes, it is worth recalling (see Sect. 2) the exact
meaning of such quantities in our nonequilibrium slabs
and to also point out the following:

1. The average destabilization, AE,,, of the unique
atoms in the Si(111)(2 x 1) slab at the UHF//LEE
level is 0.011 au; this means that a AE(Q) value of
0.011 au represents the average change in the energy
content of a Si atom in our reconstructed slab
compared to the bulk (the AE,, value for UHF//
MEI and PWGGA//LEE is 0.009 au).

2. As shown in previous work on the hydrogen-covered
and clean Si(111)(1 x 1) surfaces [24], atomic energies
are not expected to converge towards the bulk Si value
even for the atoms of the innermost layers, although
their populations and bond properties show almost
perfect convergence. For instance, in the
Si(111)(1 x 1) slab, the Si4L and Si5L atoms have a
AE value of 0.060 au in spite of their bulklike nature
for all the other properties investigated [24]. Indeed
surfaces have an important effect on the binding
energies of electrons, through the creation of a double
layer and its associated electric field on each face of
the crystal [58]. Distortions in the electronic charge
distributions near the surface affect the energies of
electronic levels well inside, owing to the long range of
the Coulomb potential, and, as a consequence, also
affect the total energy of atoms. Thus, the energy
values for the atoms in the slab, in contrast to the
case of those for an ideal infinite crystal (as is our
computed bulk silicon), are consistent with the correct
work function for the electrons in the crystal [56].

3. The energies of atoms of the surface layer (Sil—-Si4)
should not be affected, to first order, by the surface
electric field because this field is just the result of their
perturbed charge distribution.

Keeping in mind all these “caveats”, it is possible to
observe and conclude the following:

1. Analogously to the nonreconstructed surface, the
top layer (Sil + Si2) atoms are (UHF results), on
average, energy-stabilized, while those (Si3 + Si4) of
the lower surface layer are both destabilized com-
pared to the bulk silicon. However, in agreement with
the increased charge transfer upon reconstruction,
the average energy changes are about twice as large
[(Si1 + Si2),, = 0.071 au; (Si3+Si4),, = 0.069 au]
as those in the wunrelaxed Si(111)(1 x 1) slab
(SilL = —0.038 and Si2L = 0.037 au).

2. Although notably charge-depleted the “‘up” atom of
the topmost layer has an energy close to the bulk
value, probably the result of the increased s character
of its back bonds; the “down” atom is highly
stabilized (—0.151 au, UHF//LEE) as anticipated by
its large negative charge.

3. There is (UHF calculations) a marked influence of
geometry on the energy stabilization of the surface

double layer. While the LEE model predicts an
average atomic energy content quite close to that of
the bulk and of the double layer in the nonrecon-
structed surface, the MEI geometry describes the first
two layers as overall destabilized (compare XAEq
values in Table 2). As for this discrepancy in the
double layer energy estimation, we are inclined to
give more credit to the LEE results because of the
more accurate description of buckling in the first
layers afforded by the LEED structural determina-
tion.

4. The metallic description provided by DFT for the
reconstructed surface leads to a net energy destabi-
lization for both the top and lower layers of surface
atoms.

S. At variance with Si(111)(1 x 1), where the AE(Q)
values reach a steady value beginning from the third
layer inwards, the atomic energies of the reconstruct-
ed surface change from layer to layer and differ for
the two unique atoms of each layer because of
buckling. This behavior agrees with the deep prop-
agation into the lattice of the topological changes
occurring in the surface layer upon reconstruction [7].
The atomic energies are found to dampen their
oscillations only beginning from the sixth layer
inwards.

3.2.4 Atomic volumes

The V1 value for the Si bulk amounts to 138.4 au and
equals the total volume of the basin. The diffuseness, D,
of the Si atom in the bulk is very close to zero (D = 0.6),
since its V2 value nearly coincides (V2 = 138.6 au)
with V1. The D values and the changes in volume
AV1 = Vlgay — Vlpux for the surface atoms in the
reconstructed and in the unrelaxed Si(111) surface are
listed in Table 2. The Vp trajectories originating from
nuclei, and the intersections of the zero-flux surfaces
defining Si atomic basins, in the two mirror planes
normal to the surface of the reconstructed slab are
displayed in Fig. 3. One of these planes contains Sil and
Si4 nuclei and the other contains Si2 and Si3 nuclei.
As suggested by Fig. 3, only the atoms of the topmost
layer have their volumes largely increased compared to
the bulk, while the atoms of the lower surface layer,
in particular Si4, are very much less perturbed. This
observation agrees with the AV1 values reported in
Table 2, which shows (UHF//LEE data) a 20-25%
volume expansion for Sil and Si2, a 3% inflation for Si3,
and only a negligible volume increase for Si4. The values
of D for the four unique atoms of the surface layer point
out the large deviation of their electronic distribution
from the bulk. On average, more than 5% of the volume
of their V'l atomic basins, instead of the only 0.6% in the
bulk, is characterized by an electron density lower than
0.002 au and even their lowest D value, occurring for the
Si4 atom, is 5 times bigger than in the bulk. These large
D values denote the nonnegligible surface character of
the atoms in the lower surface layer despite the small
AV1 values found for the Si3 and especially the Si4
atoms. Silicon atoms from the third layer inwards
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Fig. 3. Downhill Vp trajectories (originating from the nuclei) in
the two mirror planes normal to the Si(111)(2 x 1) surface and
containing (top panel) Sil and Si4 and (bottom panel) Si2 and Si3
nuclei. The collection of these Vp trajectories defines the atomic
boundaries in the two mirror planes; Sil and Si2 have their atomic
volume largely increased compared to the bulk silicon, while the
atoms of the lower surface layer are much less expanded (UHF//
LEE results)

exhibit D values very close to that of the bulk, although
the large oscillations (127-142 au) in the V1 values
found for the atoms up to and including the fifth layer
confirm that these atoms experience significant subsur-
face relaxations.

The larger V'1 volume found for Si2 compared to Sil
does not indicate a greater “‘surface” character of the
former atom, rather it reflects its larger electron popu-
lation since the two atoms exhibit a similar electronic
charge dilution (V1/N = 12.1 au) compared to the bulk
(V1/N = 9.9 au). Moreover, Sil has a diffuseness which
is about 40% larger than in the Si2 atom, probably a
result of the diffuse distribution of its partially unpaired
electron.

Comparison with data for the Si(111)(1 x 1) surface
shows that upon reconstruction the atoms of the top-
most layer are, on average, less diffuse than the SilL
atoms in the unrelaxed surface [D,(Sil,Si2) =7.2;
D(SilL) = 9.3], the opposite being true for the
atoms of the lower surface layer [D,,(Si3,Si4) = 3.8;
D(Si2L) = 2.5]. Thus, reconstruction affords a greater
equalization of the ““surface” characteristics of the atoms
in the first two layers, the average value of D in the
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recontructed surface for these layers (D = 5.5, UHF//
LEE) being exactly equal to that of the unrelaxed
surface (Table 2).

The V1 and D values of the Sil (reconstructed sur-
face) and the SIL atoms (unrelaxed surface) are very
much alike, thus once more confirming the presence of a
(partially) unpaired electron in the former atom.

3.3 Bonding properties

In the top panels of Fig. 4, contour plots of p(r) and
L(r), in planes containing the unique bond paths among
the atoms of the two outermost layers, are placed side by
side so as to show the whole surface bonding network in
the Si(111)(2 x 1) system. Figure 4 clearly reveals that
surface reconstruction leads to important differences
among the electron density distributions along each of
these bonds. The properties of the bonds among the
atoms of the second (Si3,Si4) and third layer are, on the
other hand, much less differentiated and already closer
to those of the bulk, especially for the value of the
electron density, pp, at the bond critical point (BCP).
Thus, the portrait of the p and V?p distributions along
these latter bonds may be used as a qualitative reference
to visually appreciate the differences among the surface
bond charge distributions and their own departures
from that of the bulk. The perturbations induced by
surface reconstruction are then made quantitative in
Table 3, where the bond properties in the first two layers
of the Si(111) reconstructed and nonreconstructed
surfaces are compared with those of the bulk. The first
very important observation is that in the reconstructed
surface the average p;, value for these surface bonds
is either equal to (UHF//LEE, py, oy = 8.49 au) or even
slightly larger than (PWGGA//LEE, py, o, = 7.66 au) the
P value in bulk silicon (pp, = 8.49 and 7.63 au for RHF
and DFT/PWGGA, respectively). Such behavior is not
observed for the MEI geometry [9], which is, however,
less reliable as far as the geometrical distortions in the
first layers are concerned (see earlier). It is worth noting
that in the unrelaxed surface and at variance with what
was found (UHF//LEE) following reconstruction, the
SilL-Si2LL bonds are slightly weakened compared to
the bulk (p, decreases by about 1% and the parallel
curvature, /A3, increases by about 3%). This interesting
result must be taken with some caution since our systems
are not at their equilibrium geometry. Yet, we have
previously shown [24] how a geometrical and basis set
optimization (TR model in Ref. [24]) leads to a notable
further weakening of the SilL-Si2LL bond in the
unreconstructed surface.

Inspection of the individual properties of the surface
bonds reveals that the Sil-Si2 bond is significantly
shortened and strengthened compared to the bulk,
while the other bonds are either appreciably weakened
(Si3-Si4 and Sil-Si4) or hardly strengthened (Si2-Si3)
upon reconstruction. These qualitative considerations
hold true for all the methods and geometries investi-
gated, with the only exception of the Si2-Si3 bond,
which is predicted to be weakened, rather than hardly
strengthened, by the UHF//MEI model. As expected
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Fig. 4. Top: contour plots of p(r) (left panel) and L(r) = -V?p
(right panel) in planes normal to the Si(111)(2 x 1) surface and
containing the unique bond paths among the atoms of the two
outermost layers. Contour plots in five different planes are placed
side by side so as to show the whole surface bonding network.
Results from UHF//LEE model. Bottom: ellipticity profiles (see

from its supposed partial = character and as mentioned
earlier, the largest change with respect to the Si—Si bond
in the bulk is found for the Sil1-Si2 bond which, at the
UHF//LEE level, has its p, and —V?p,, values increased
by about 6 and 9% and A; decreased by approximately
36%. The electron distribution along Sil-Si2 is not
symmetric with respect to the bond midpoint (Fig. 4)
and the BCP is, as a consequence, significantly dis-
placed (0.054 A, UHF//LEE) towards the less electro-
negative Sil atom (see earlier). Such a displacement,
which is the biggest among those found for the surface
bonds (compare |Agcp| values in Table 3), reflects the
different nature of the Sil and Si2 atoms and is one of
the signs of the departure of the real charge distribution
from what one would surmise for the =m-conjugated
topmost chain in the nonbuckled geometry of the PC
model. As clearly evident from Table 3, all the surface
bonds in the reconstructed surface have significant el-
lipticity, with only Si3-Si4 showing a value close to zero
(¢ =0.02-0.03) and quite similar to that (¢ = 0.04) of
SilL-Si2LL in the unrelaxed surface. As expected, the
major axis [25] of the charge distribution is always di-
rected normal to the surface and the largest ¢ value is
found along the supposedly n-bonded chain (¢ = 0.26—
0.30). The notable ellipticity of the neighboring bonds
(Si2-Si3 and Sil-Si4) reveals that the © conjugation is
not strictly localized along the topmost layer chains, but

T T
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Si4--L811 Sit i
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text) along the bond path of each pair of bonded atoms in the two
outermost layers of the Si(111)(2 x 1) surface. The position, along
each bond path, of the bond critical point is indicated by a dot.
Results from UHF//LEE and restricted Hartree—Fock (RHF)//
LEE models

it extends over a 2D array of bonds between the top-
most and the lower surface layers. The asymmetry of
bonding interactions in these layers is then made
manifest by the ellipticity profiles along the bond paths
(Fig. 4, bottom panels). These profiles (UHF//LEE
data) confirm the Si1-Si2 bond as the most asymmetric,
with the charge distribution in the Si2 basin showing
the largest deviation from cylindrical symmetry and the
greater accumulation of charge in the = direction. We
found that the asymmetry of the bond ellipticity profiles
in the reconstructed surface is strongly influenced by the
release of the double occupancy constraint, while it is
hardly affected by change of geometry (LEE, MEI) or
of general computational model (HF, DFT). Compar-
ison at the RHF//LEE and UHF//LEE levels of the
ellipticity profiles along the Sil-Si2 and Si2-Si3 bonds
shows (Fig. 4) that the spin-polarized solution allows a
smaller differentiation within each pair of bonded at-
oms and a more efficient 7 delocalization of the surface
bonds. Such a change is accompanied by a significant
energy stabilization of the reconstructed surface (see
earlier). It is also worth noting that UHF and RHF
differ in the qualitative description of the charge accu-
mulation along the n chain, since in the non-spin-
polarized solution the largest ellipticity values are found
in the basin of the “up” rather than in that of the
“down” atom.



Table 3. Bond properties of Si(111)(2 x 1) and Si(111)(1 x 1) slabs
as compared to bulk silicon. If not otherwise stated, all quantities
are in atomic units; reported data are from the same methods,
geometries and magnetic solutions as in Table 2; Agcp is the
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distance from the bond critical point (BCP) to the midpoint of
bond X-Y: a positive value for Agcp indicates that the BCP is closer
to the X atom; for the meaning of the other symbols, see text

Model Bond, X-Y R (A)® Agcp (A) pp X 100 —V2py, x 100° 23 x 100* ¢
Si(111)(2 x 1)
UHF//LEE Sil—Si2 2273 (-4.1) 0.054 8.99 (5.9) 12.5 (8.5) 1.7 (-36.2) 0.26
UHF//MEI 2.261 (-4.6) 0.068 9.11 (7.3) 13.1 (13.2) 1.5 (-44.9) 0.25
PWGGA//LEE 2279 (-4.1) 0.036 8.16 (6.9) 8.3 (6.1) 3.8 (=7.7) 0.29
UHF//LEE Sil-Si4 2.383 (0.5) -0.014 8.10 (=4.6) 10.3 (-10.7) 2.8 (5.3) 0.08
UHF//MEI 2.446 (3.2) —0.042 7.56 (~11.0) 8.9 (=22.8) 3.0 (12.8) 0.07
PWGGA//LEE 2.389 (0.5) 0.035 7.22 (=5.4) 6.7 (~15.2) 4.2 (2.4) 0.10
UHF//LEE Si2-Si3 2.308 (=2.7) -0.026 8.67 (2.1) 11.9 (2.7) 2.4 (~10.2) 0.12
UHF//MEI 2.374 (0.1) 0.009 8.03 (=5.4) 10.0 (-13.5) 2.8 (3.9) 0.12
PWGGA//LEE 2.314 (-2.7) -0.010 7.85 (2.9) 7.9 (0.8) 4.2 (1.9) 0.09
UHF//LEE Si3-Si4 2.391 (0.8) -0.036 8.21 (=3.3) 10.7 (-7.3) 2.8 (6.4) 0.03
UHF//MEI 2.418 (2.0) —0.034 7.98 (=6.0) 10.0 (-13.3) 3.0 (13.2) 0.02
PWGGA//LEE 2.397 (0.8) -0.026 7.39 (=3.1) 7.2 (-8.4) 43 (3.9) 0.03
Si(111)(1 x 1)
ROHF//NR SilL-Si2L 2.371 —0.001 8.40 (-1.2) 11.1 (-4.1) 2.7 (3.0) 0.04
Si bulk
RHF Si-Si 2.371 0.000 8.49 11.6 2.6 0.00
PWGGA 2.377 0.000 7.63 7.9 4.1 0.00

#In parentheses percentage changes, [100(X.p — Xouk )/ Xous X = p

The Sil-Si2 bond asymmetry is also revealed by
the Laplacian distribution (Fig. 5). All the models
investigated, and regardless of the geometry adopted
for the reconstructed surface, find a single nonbonded
charge concentration (NBCC) in the Sil and none in
the Si2 atomic basin®. The NBCC of Sil — associated
with a nominal dangling bond of Sil directed out-
wards from the surface — is characterized by L and p
values that are 50 and 38% less (UHF//LEE results)
than those of a bonded charge concentration (BCC)
in bulk silicon. Smaller decreases (40 and 34%,
respectively) are, on the other hand, found for the
NBCC of the dangling bond of the SilL atom in
the nonrelaxed surface. Thus, upon reconstruction, the
single electrons associated with the nominal dangling
bonds of the three-coordinated atoms either (Si2
atom) participate entirely in bond reconstruction or
(Sil) are somewhat more involved in rebonding than
the SilL atoms in the Si(111)(1 x 1) surface. As
shown in Fig. 5, the RHF model predicts a NBCC on
the Sil atom that is larger than that computed with
the spin-polarized approach and, more importantly,
that is even bigger than that found for SilL in the
nonreconstructed surface. This result shows that the
RHF method is unable to properly describe the bond
reconstruction in the PC model of the Si(111)(2 x 1)
surface and further confirms that the spin-polarized
solution allows a smaller differentiation of the Sil and
Si2 atoms and a more efficient © delocalization of the
surface bonds.

3 A very small NBCC, directed towards the interior of the slab and
whose L(r) value is less than one-third of the value of a BCC in the
bulk, was actually found on the Si2 atom in the case of the UHF//
LEE model

bs —Vzpb, /3], with respect to bulk silicon
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Fig. 5. Percentage changes of p and of L = —V?p values at the L(r)
nonbonded charge concentration (NBCC) of the Sil atom with
respect to the corresponding values at a bonded charge concentra-
tion in Si bulk

The differences of the RHF and UHF descriptions of
Si(111)(2 x 1) surface are also mirrored in the related
band structures (Fig. 6, top). As said previously, the
RHF model overestimates the surface band dispersion
along the I'-J direction, while the UHF description is
much closer to experiment. It is interesting to evaluate
how these differences affect the contour plots of the
STH charge density [54] which may be obtained, within
the Tersoff-Hamann approximation [55], from the
density matrix projected onto a narrow region around
the Fermi level. We used an energy window of 1.3 eV,
corresponding to a bias voltage of 1.3 V between the
STM probe and the surface, so as to sample the whole
bandwidth of the RHF surface states. The STM charge
densities in five planes normal to the surface and con-
taining the unique nuclei of the two outermost surface
layers are displayed in Fig. 6 (bottom panels). As
revealed by Fig. 6, the dominant contribution to the
surface states comes from the atoms of the topmost
layer (Sil and Si2) in both computational approaches.
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Fig. 6. Top: band structure for the Si(111)(2 x 1) surface at the (left
panel) RHF//LEE and (right panel) UHF//LEE levels. Bottom:
electron density maps obtained from the RHF//LEE (left panel) and
UHF//LEE (right panel) density matrices projected onto a 0.05 au
energy window below the Fermi level. Contour plots refer to the

Yet, at the tunneling voltage investigated, the RHF
method predicts a very large asymmetry in the STM
densities above these atoms, with only the Sil atom
exhibiting a significant density on top of it. This result
agrees with the larger NBCC on the Sil atom and with
the high asymmetry in the 7 conjugation (see ellipticity
profiles) recovered at the RHF level. Conversely, the
UHF description predicts the contributions of Sil and
Si2 atoms to be very much alike.

4 Conclusions

By using a slab model for the surface, and by performing
periodic first principles calculations, at geometries taken
from experiment, we have investigated the bond and
atomic properties of the silicon atoms in the n-bonded
chain reconstructed Si(111)(2 x 1) system. The effect on
these properties of the chosen slab geometries and of
the kind of computational models adopted has been
discussed in some detail.

Making use of the QTAM to analyze the computed
wavefunctions has enabled us to provide a direct-space
description and understanding of the Si(111)(2 x 1)
surface reconstruction, thereby improving the still in-
sufficient chemical knowledge on this prototype of clean
semiconductor surfaces. Adoption of bulk silicon and
the ideal Si(111)(1 x 1) nonrelaxed surface as suitable
reference systems has allowed the changes in chemical

e\
s
q.é\
\J-L__}

%
e

same five planes of Fig. 4. These maps may be related [54] to the
scanning tunneling microscopy images, within the Tersoff-Hamann
approximation [55]. The contour values (in atomic units) increase
from the outermost one inwards in steps of 2 x 10”7, 4 x 10", and
8 x 10", with n beginning at —3 and increasing in steps of 1

properties ensuing surface reconstruction to be placed
on a quantitative and relative basis.

As in the case of the unrelaxed surface, the
Si(111)(2 x 1) system exhibits an uncharged double layer
surface structure, yet with much larger surface-cell
charge distortions [58]. Indeed, upon reconstruction, the
charge separation in the double layer is largely increased
and the atomic charge of the unique atoms in the top
layer enhanced by 1 order of magnitude. The effect of
buckling is to largely differentiate the atoms of each
surface layer. For example, the topmost surface layer is
negatively charged as in the unrelaxed surface but its net
negative charge is the result of highly negatively “down”
and slightly less positively charged ““up” Si atoms. The
direction of the charge transfer in the topmost chain is
opposite to that claimed previously [12—-14], but it agrees
with both the bond angles and related hybridization
patterns of the two atoms involved and their relative
energy. The reason for such a discrepancy was found to
lie mainly in the method used to partition the electrons
among the atoms, although important effects due to the
kind of ab initio approach adopted have also been
highlighted.

One of the most clear-cut effects due to the formation
of a new 2D compound, following surface reconstruc-
tion, is the drastic change that the atomic polarizations
of the surface layer atoms undergo from the only,
normal to the slab, direction exhibited in the non-
reconstructed surface to the comparable and larger



polarizations, normal and parallel to the slab surface,
found in the reconstructed system.

According to the increased charge transfer upon re-
construction, the average energy changes in the topmost
and lower surface layers are about twice as large as those
in the unrelaxed slab. At variance with what was found in
the Si(111)(1 x 1) system, the atomic energies of the suc-
ceeding layers in the reconstructed surface change from
layer to layer and differ for the two unique atoms of each
layer, because of buckling. This is the result of the deep
propagation into the lattice of the geometrical changes
occurring in the surface layers upon reconstruction.

The properties of the Si—Si bonds in the first two
layers of the Si(111)(2 x 1) surface suggest that these
bonds are, on average, as strong as in the bulk, in con-
trast to what was found for the unrelaxed surface where
the related SilL-Si2L bonds are slightly weakened. Re-
construction affords a partial involvement in rebonding
of the single electrons associated with the nominal
dangling bonds of the Sil and Si2 atoms, thus yielding
the average strengthening mentioned, compared to the
unrelaxed slab, of the bonds within and between the
topmost and lower surface layers. As previously stated
[12-14] = bonding is not completely realized along
the topmost chain and does not constitute the only
driving force behind the PC model. The nature, the ex-
tent, and the asymmetry of 7 conjugation in the topmost
chain has been thoroughly investigated. The Sil-Si2
bond electron distribution, although displaying the
largest deviation from the cylindrical symmetry and
the greater accumulation of charge in the n direction, is
highly asymmetric along the bond path, in agreement
with the differences in the atomic properties of these two
atoms. Significant ellipticities were also found for the
neighboring bonds (Si2-Si3 and Si1-Si4), thus indicating
that the = conjugation is not strictly localized along the
topmost layer chains, but that it rather extends over a
2D array of bonds between the topmost and the lower
surface layers.

We have also shown how the adoption of a spin-
polarized, instead of a conventional nonpolarized,
solution leads to a smaller differentiation within each
pair of bonded atoms and to more efficient n delocal-
ization of the surface bonds. This change of description
involves a significant energy stabilization of the
reconstructed surface. Differences in the spin-polarized
and nonpolarized model approaches are also reflected in
the computed surface band dispersion along the
reciprocal lattice direction associated with the n chain in
the real space and in the STM charge density portraits.

This study further confirms the ability of QTAM to
shed light on the changes in bonding and atomic prop-
erties of Si in a variety of perturbed diamond-like silicon
lattices. The peculiar properties of the new 2D silicon
compound [1], formed through the PC 2 x 1 surface
reconstruction, have been quantitatively characterized.

Further work along these lines is currently under way
in our laboratory for investigating important surface
effects on ultrahigh vacuum (100) cleaved Si when this
system is exposed to passivation treatment with hydro-
gen to provide its long-term protection against oxidation
and adsorption of impurities.
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