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Abstract The light-binding method is used to study the (2 X 1) reconstruction of the 
Si(la0) surface. The l a w  of variation with interatomic dblance of the Slater-Koster 
parameters and of the painuise repulsion energy are defined in order to give a good 
dseriplion of the eleclronic band stmcture and of lhe elastic properties of bulk silicon. 
The necessily of taking into account, during lhe total energy minimization, the surface- 
induced atomic level shifts is emphasized. The dimer bond length is shown to be in 
good agreement with arperimental values. Then. the atomic level shifts are related to 
lhe surface-induced mre level shifts. A new inlerpretation of Eore level photoemission 
spectra, consistent with a weak asymmey of the dimers, is finally proposed. 

1. Introduction 

If the explanation of the ( 2  x 1) reconstruction of Si(100) by the formation of dimers 
is now commonly accepted, a controversy still remains on a possible asymmetry of 
these dimers. The calculations carried out in the symmetric dimer geometry [l] lead 
to two overlapping dangling-bond bands giving a metallic character to the surface, 
in apparent contradiction with angle-resolved ultraviolet photoemission spectroscopy 
(ARUPS) experimenls in which a surface band gap is observed. In order to solve 
this contradiction, Chadi (21 suggested that the dimers were buckled. This bucMing 
increases the energy separation between the two bands associated with dangling-bond 
surface states, producing an absolute gap between them. Since this calculation of 
Chadi, most theoretical work has confirmed this asymmetry even though Wolfgarten 
er a/ [3] observed, in their ab inirio calculation, the disappearance of the gap between 
surface states that they attributed to an artifact of local density approximation (LDA) 
calculations. However, some computations have led to the opposite conclusion. For 
example, Pandey [4] found that the tilting of the dimer was not energetically favoured. 
Moreover, he argued that a missing dimer defect could substantially decrease the 
surface energy. Furthermore, using a very simple model, Artacho and Yndurain [5] 
proposed that an antiferromagnetic arrangement of the spins within the dimer could 
lower the symmetric configuration energy and split the two surface state bands. 

From the experimental point of view, several techniques are available but lead 
to contrasting conclusions. The low-energy [6] and medium-energy ion scattering [7] 
experiments support the existence of dimers but arc unable to distinguish between 
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symmetric and asymmetric dimers. The scanning tunnelling microscope (sm) images 
[SI were first interpreted as due to a surface consisting mainly of symmetric dimers, 
the asymmetric dimers being visible near the defects. Then, it was argued [9] that 
the symmetric dimer appearing on the STM images may actually be the time-averaged 
position of asymmetric dimers that are rapidly switching between the two possible 
buckling directions. Finally, very recent experiments [lo] have shown that the same 
dimer may appear symmetric or asymmetric according to the sign of the bias voltage. 
It has been claimed that this difference in the images may be due to the interaction 
of the electric field of the STM with the dipole arising from the charge transfer 
between the up and down atom. This forces the dimer to be symmetric when the 
tip is negative with respect to the up atom and enhance the buckling when the tip is 
positive. However, another contribution to this effect may come from the different 
occupation of orbitals above or below the Fermi level when the dimer is tilted. 

Although most ARUPS data are consistent with the asymmetric dimer model, 
the polarization-dependent ARUPS study of Johansson er a1 Ill] indicates a mirror 
symmetry along the [1,1,0] and [-l,l,O] directions in the surface Brillouin zone in 
agreement with the symmetric dimer model. Let us note, however, that ARUPS probes 
excited states whereas the calculations are perfomed for the ground state. Finally, 
many core level photoemission spectroscopy experiments [12-181 have been carried 
out on Si(100) (2 x 1). They have led to different results not only on the number 
of surface components of the spectrum but also on the assignment of the different 
components to given atoms. 

Moreover, low-energy electron diffraction (LEED) [19, 201 and ion scattering 161 
experiments give a dimer bond length significantly larger than those obtained in 
most calculations. This suggests that the elastic properties of silicon are not well 
reproduced in the calculations and, thus, it is advisable to check, before any surface 
calculation, that the calculated bulk modulus is close to the experimental one. 

In this work, we present a tight-binding study of the (2 x 1) reconstruction of 
Si(100) with particular emphasis on the interpretation of core level spectra. In sec- 
tion 2, we first derive a tight-binding Hamiltonian, which, in the bulk, coincides with 
the Hamiltonian of Pandey and Phillips [21] and, thus, gives a good description of 
the valence bulk band structure. Then, we check that it leads to a bulk modulus 
that agrees with experiment. In section 3, we discuss the modifications of the tight- 
binding formalism for surfaces and, in particular, the shifts of atomic levels in the 
vicinity of the surface. Then, we present our results on the (2 x 1) reconstruction 
of Si(100). In section 4, we relate the atomic level shifts to the data of surface core 
level spectroscopy and present a new interpretation of these experiments. 

2. Parametrization of the total energy in a tight-binding model 

In the tight-binding approximation, the total energy E,, is written as the sum of two 
contributions: an attractive term, Ebnd, and a repulsive energy, Ecep. The repulsive 
energy ensures the stability of the crystal. It is assumed to be a pairwise function of 
the bond lengths. 

The band term is obtained from the energy levels, which are found by diagonal- 
izing the tight-binding Hamiltonian: 
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The atomic orbitals Ji, A) ( A  = s,p,,py, p,) centred at all sites i are assumed to be 
orthogonal. The quantities 6: and p?’ are, respectively, the atomic level of orbital 
X at site i and the hopping integral between the orbital X at site i and the orbital 
A’ at site j. In the twoantre  approximation, &$A’ can be expressed as a function 
of the direction cosines of the vector Rij joining the two atoms i and j and of the 
four (ssu); (spu), (ppu) and (ppr) Slater-Koster (sK) parameters at the distance 

We must now fix the law of variation of hopping integrals with distance. One of the 
most used tight-binding Hamiltonians for silicon is the nearest-neighbour Hamiltonian 
of Chadi [2]. Following Harrison [23], Chadi assumed that all hopping integrals 
scale with the inverse square of the bond length Ri j .  Several expressions of the 
nearest-neighbour repulsive term, Ere,,, have been proposed in conjunction with this 
Hamiltonian. Chadi 121 used an expansion up to second order in the fractional 
change in bond length A R j j / R i j ,  while, for instance, Harrison assumed an (Rij)-4 
dependence of the pair repulsion between atoms i and j. 

However, these schemes have some drawbacks. First, the bulk band structure is 
not well reproduced when compared to ab inilio calculations and, in particular, the 
width of the fundamental gap is overestimated. Moreover, when the ( R i j ) - 4  law 
is chosen for EEp, me calculated bulk modulus (4.23 eV/atom) is only one-third of 
its experimental value (12.3 eV/atom) [24]. Finally, when surface reconstruction is 
investigated, the atomic displacements may be such that two atoms that were initially 
second-nearest neighbours become first-nearest neighbours or vice versa. This intro- 
duces a sizable discontinuity in the total energy, which can be reduced by extending 
the range of interaction to second-nearest neighbours. Furthermore, as shom by 
Pandey and Phillips [21], the introduction of second-nearest-neighbour hopping inte- 
grals leads to a significant improvement in the description of the valence band and 
of the bottom of the conduction band, which is the energy range of interest in total 
energy calculations and in the determination of surface state dispersion curves. 

Rij (221. 

Table 1. Value of the different interatomic Slater-Koster parameters in the model of 
Pandey and Phillips [Zl]. 

Interactions ssv spa p p o  pp” 

Fiat-nearest-neighbour value ( e 9  -2.08 2.12 2.32 -0.52 
Second-neamr-neighbour value (e? 0. 0. 0.58 -0.10 

Consequently, we will adopt, in this work, the second-nearest-neighbour tight- 
binding Hamiltonian of Pandey and Phillips for the equilibrium distances (see table 1). 
It is obvious from this table that the four types of parameters do not obey the same 
law of variation with distance. We first tried to use simple power or exponential law?., 
but, owing to the vanishing values of (ssa) and (spu) at the second-nearest-neighbour 
distance, these hopping integrals must rapidly decrease when the interatomic distance 
increases. This yields a huge value of the bulk modulus. Following Sawada [24], we 
solved this problem by using the product of a power law by an attenuation function, 
which may be different for each type of SK parameter, i.e. 
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with a = (ssa) ,  (spa), (ppa), (ppr) and where R, is the bulk equilibrium first- 
nearest-neighbour distance. The attenuation function S, is given by 

s , ( r ) = l / { l + e x ~ [ p ~ ( r - R , ) l } .  (3) 

The choice of the different electronic parameters is summarized in table 2. The 
first-nearest-neighbour SK parameters, and the atomic levels, E, (taken as reference 
energy) and Ep (4.39 eV), are the same as in the model of Pandey and Phillips [21]. 
All U, and p* values are taken from Sawada's work [24]. If the R, values given in 
this last work are used, the (ssu)  and (spa) at the second-nearest-neighbour distance 
are very small, in accordance with the values given by [XI. Conversely, the values 
of (ppa) and (ppn) at this distance are significantly different from those of Pandey 
and Phillips [21] and, in particular, lead to a gap that is too wide. Hence, we slightly 
modified the corresponding R, values in order to get the same dispersion curves as 
Pandey. 

Table 2. Valuer of the parametus w c i a t e d  with the lam of variation of Slater-Kmter 
parameters with interatomic distance. 

First-nearect-neighbour value (ev) -208 212 232 -0.52 

(A) 3.17 3.17 4.05 3.17 
f i m  (A-') 5.96 5.96 2 s  2.55 

4 3 2 2  

In our work, the repulsive energy is assumed to have the following form: 

The two constants A and 11 are fitted to give the experimental values of the first- 
nearest-neighbour distance and of the cohesive energy. In the bulk, the repulsive 
energy per atom in a diamond cubic lattice can be written as a function of the 
first-nearest-neighbour distance R 

The band contribution is given by 

where n( E) and E, are, respectively, the electronic density of states and the Fermi 
level calculated for the first-nearest-neighbour distance R. The cohesive energy per 
atom is 

%.,(R) = Ere,(R) + % " d ( W .  (7) 
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The parameters A and q are determined from the two conditions: 

= 4.6 e V  and (dEeoh/dR)R=Ro = 0.  (8) 

Once A and q are fixed, we can calculate the bulk modulus IC given by 

The calculation of Ehnd in the neighbourhood of R = R, needs a summation over 
the threedimensional (3D) Brillouin zone. This is performed using the special-point 
technique [25] with 60 special points. We find 

A = 3.34eV q = 5.48. 

With these values of the repulsive potential parameters we obtain a bulk modu- 
lus (12.18 eV/atom) much closer to the experimental value (12.3 eV/atom) than 
that obtained by Sawada (10.53 eV/atom) and with Harrison’s repulsive potential 
(4.23 eV/atom) [U, 241. 

3. Tight-binding study of Si(100) surface 

3.1. Tight-binding formalism for surfaces 

It is usually assumed that, at the surface, the laws of variation of hopping integrals 
with distance are the same as in the bulk. However, the presence of the surface 
induces a charge rearrangement and, thus, a perturbation of the potential, which is 
taken into account by a shift, 6V1, of the atomic levels of orbital X at each site i. 
These shifts are obviously the same for each equivalent site. In our calculation, we 
consider that 6e = 6Vi = 6V; as in the work of Priester el a1 1261. 

The surface electronic band structure has been calculated using the slab method, 
which we will briefly summarize. The crystal is approximated by a finite number of 
layers parallel to the considered surface. Owing to the two-dimensional (ZD) periodi- 
city of the slab, the eigenstates associated with energy E,, and surface wavevector qll 
can be written as 

P 

In, q)  = b i  ( E,, 911 ) exp(iq . R,  )IW j ,  A). (10) 
m , j J  

Here Em is the position vector of the unit cell m of the slab, and Im, j, A) are the 
atomic orbitals centred on the j th  inequivalent atom of the slab unit cell m. The 
partial local density of states associated with orbital X of atom j ,  at a given qll, is 
defined by 

Averaging over the surface Brillouin zone and over the different orbitals yields the 
local density of states (LDOS), n , (E) ,  on atom j, normalized to unity. The change 
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in the number of electrons, 6 N j ,  on atom j is directly related to the LDOS on atom 
by 

6Nj  = 8  nj(E ,..., 64 ,... )dE-4 .  1”‘ 
When the surface is created, the variation of band energy, 6Gmd, can be obtained 
from the change, 6nj, of LDos on each atom j by the formula 

6Ebaad = 7 (8 J E F  Ehj(E)dE-46? -$6Nj6Vj ) . (13) 

The first term is the variation of the sum of oneelectron energies and the last two 
terms arise from the double counting of the average Coulomb interaction between 
electrons in the first term. We must now turn to the calculation of 6Vj. It is clear 
from (12) that the 6Nj are a function of all 6K. Reciprocally, the modification of the 
potentials, 6y, is related to the charges on the different atoms through the Poisson 
equation. Ideally, the problem should be solved self-consistently. In transition metals, 
it has been shown that self-consistency considerably reduces the involved charges, and 
thus the shifts of atomic levels, which would be found in a completely self-consistent 
calculation, are close to the values that ensure the charge neutrality of each atom. 
This results from the quasi-perfect screening in metals. In silicon, the dielectric 
constant is so large that the screening is nearly complete [27] and we expect the 
local charge neutrality condition to be nearly obeyed. This approximation has already 
been used with success in semiconductors by Priester er a1 [26]. Consequently, in 
this work, we Will determine the surface-induced shifts of atomic levels by assuming 
that the number of valence sp electrons on each atom is the same as in the bulk, 
i.e. four. Note that we can also assume a given charge transfer between atoms and 
calculate the corresponding 64. Such a calculation will be done in order to check 
the sensitivity of the results to a charge transfer. 

3.2 Applicalion to the (2  x 1 )  recons~ruction of Si(lO0) 

If it is easily understood that the formation of dimers on Si(100) by a pairing of 
surface atoms substantially lowers the total energy by reducing the number of dangling 
bonds, the exact geomehy of the dimers is still subject to discussion. Using the 
formalism described above, the geometry could, in principle, be determined from the 
minimization of the total energy with respect to all atomic displacements. However, 
this would lead to extremely lengthy calculations and simplifying assumptions must be 
made. In this work, we neglect the displacements of sublayer atoms and we assume 
that the projection on the surface plane of the dimer bond remains along the [l,l,O] 
direction relative to the cubic axes @e. there is no twisting of the dimer). Hence, 
with the system of coordinates chosen here (see figure l), the displacement of surface 
atoms is in the Ozr plane. Consequently, we minimize the total energy with respect 
to the displacements (DX,, DZ,) and (DX,, DZ,) of the two atoms of the dimers. 
We have considered successively the ideal surface and the reconstructed surfaces, with 
symmetric dimers (DX, = DX,, DZ, = DZ,) and asymmetric dimers. 

In practice, the summation over qll that is needed in the computation of the Dos 
and of the sum of the one-electron energies is carried out using the special-point 



Si(IO0) (2xI ) :  alomic structure and core level sh ip  5067 

In1 - Figure 1. Side view of the (2 x 1) reconstruction 
of Si(lO0) and relevant surface Brillouin zone. 

technique in the surface Brillouin zone [ZS]. We have checked the sensitivity of the 
results to the thickness of the slab and to the number of special points taken into 
account: when going from 16 to 64 special points in the irreducible part of the surface 
Brillouin zone or from a slab of 22 to 46 layers, the charge on each atom and the 
surface energy are modified at most by 2 x 10-4e- and lom3 eV per (2 x 1) unit 
cell, respectively. We have concluded that a sufficient accuracy is reached with 16 
special points and a slab of 22 layers. 

Even though the clean ideal surface has never been observed, it is of interest first 
to investigate this geometry to obtain the energy involved in the surface. reconstruc- 
tion. In order to compare accurately the different surfaw: energies, we have used the 
(2  x 1) unit cell even for the ideal (1 x 1) surface. Neglecting the atomic level shifts, 
we obtain a surface energy of 3.57 eV per ( 2  x 1) unit cell. Using the local charge 
neutrality condition, this surface energy becomes 3.79 eV per ( 2  x 1) unit cell. The 
corresponding atomic level shifts of the surface and first three sublayer atoms are 
given in table 3. 

Table 3. Atomic level shifts, in the ideal surface geomclty, calculaled using the local 
neutrality condilion. 

Iayer number Atomic level shift 

1 0.78 
2 0.38 
3 0 
4 0 

The symmetric and asymmetric dimer configurations calculated by Ihm et a1 [l] 
have been used to start the minimization of the total energy for the reconstructed 
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surface. The determination of the configurations that minimize the energy has been 
carried out with and without the local charge neutrality condition in order to check 
the influence of the atomic level corrections. 

Without correcting the atomic levcl shifts, two minima have been found, corre- 
sponding to symmetric and asymmetric dimer conligurations, respectively. The atomic 
displacements associated with these geometries are given in table 4. The surface ener- 
gies of these two configurations are E, = 2.77 eV and EaVm = 2.74 eV. Note that 
the energy difference between the two optimum geometries is very small (0.03 ev) 
compared to the reconstruction energy (0.8 eV/dimer) and is of the order of a phonon 
energy. Thus, if we neglect the atomic level corrections, we are led U) the conclusion 
that the symmetric and asymmetric dimers would coexist at the surface at room tem- 
perature. This contrasts with the results of Chadi 121, Ihm er QI 111 and Schmeits er 
of (291, which all strongly favour the asymmetric dimer, but is in agreement with a 
recent ob inziio calculation of Shaoping Tang er a1 [30]. 

Table 4 Atomic displacements (A) giving the two optimum geometries obtained when 
atomic level shifts are neglected. 

Distortions Symmetric dimer Asymmetric dimer 

DXI 0.675 0.615 
DX1 0.675 0.806 
DZi 0.184 0.069 
DZ2 0.184 0.380 

. , 

The dimer bond lengths obtained in our calculations are 249 and 2.45 8, for the 
symmetric and asymmetric dimer, respectively. These values are signilicantly larger 
than the bulk bond length (2.35 A), contrary to the results of other calculations. For 
example, the dimer bond length obtained by Batra [31] and Shaoping "hng er id [30] 
are in the range 2.22-2.27 k Our values are much closer to the experimental results, 
since, using low-energy ion scattering [6], it is found that the projection of the dimer 
bond length parallel to the surface is 2.4 i 0.1 & and from =ED analyses the bond 
length is in the range 2.45 - 2.54 A 119,201. 

The dispersion curves relevant to symmetric and asymmetric equilibrium configu- 
rations are given in figures 2 and 3. The surface band structure for the asymmetric 
dimer is very similar to that obtained by Schmeits el 01 [29]. The corresponding LDOS 
on the dimer atoms is compared with the bulk DOS in figure 4. In the case of the 
symmetric dimer, the surface is metallic and the two surface state bands existing in 
the main gap give rise to two peaks in the mos. The lower surface state band, D-, 
is located mainly just below the top of the valence band and the upper one, D t ,  is 
in the absolute gap just above E,. In the case of the asymmetric dimer, two surface 
state bands, D- and Dt, are still found; however, D- is almost completely localized 
on the up atom (atom 1) whereas D+, although mainly localized on the down atom 
(atom 2), has a non-negligible weight on the up atom. The Fermi level EF is located 
at the top of the valence band. However, the two asymmetric dimer atoms are heavily 
charged (&NI = 0.7e-, 6 N ,  = - 0 5 e - ) .  As explained in the previous section, this 
means that self-consistency should be taken into account. 

We have done the total energy minimization again but now correcting the atomic 
levels in such a way that each atom remains neutral. 
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Fsure 2. Surface band S ~ N C ~ U E  of Si(100) ( 2  x 
1) for the equilibrium symmetric dimer g e o m e y  
oblained when the atomic level shifts are neglected. 
The back-bond bands and the two dangling-bond 
States are labelled E, D- and D t ,  respectively. P 
and P' are surface states having a p character. 

Figure 3. Surface band slmcture of Si(100) ( 2  x 
1) for lhe equilibrium asymmetric dimer geometry 
obtained when the atomic level shifts are neglected. 
The back-bond bands and the lwo dangling-bond 
slates are labelled B, D- and D t ,  respectively. P 
and P' are surface slates having a p character. 

Table 5. Atomic displacemenu (h) giving the optimum geometry obtained when the 
1-1 neutrality condition is used. 

Distortions 

DXi 0.725 
DXz 0.725 
DZi 0.218 
DZz 0.218 

In the symmetric geometry, we start the minimization from the same atomic 
configuration as previously. The minimum is found for atomic displacements given 
in table 5. The equilibrium dimer bond length is 2.39 &, in good agreement with the 
above-mentioned experiments [6, 19,201. The corresponding shifts of atomic potential 
are given in table 6. Their relations with the surface core level shift measurement 
will be discussed in the next section. The surface and reconstruction energies per 
(2 x 1) unit cell are 28 and 1.0 e y  respectively. The dispersion curves and LDOS 
on the dimer atoms are given in figures 5 and 6. The surface state bands D- and 
D+ (figure 5) are very similar to those calculated with 6Vi = 0. However, they are 
raised in energy by an amount of the order of the correction of the surface atomic 
levels. In figure 7, we see that they have a strong p, character but also an s and 
a pr contribution. This latter contribution is a consequence of the dimerization: 
the dangling bond that was pointing normal to the surface (its wavefunction was 
(Is) + /=))/a) is now tilted towards the O s  direction. Furthermore, these two 
surface state bands slightly overlap and the surface is metallic, the Fermi level being 
located in these bands. This result agrees with previous calculations on the symmetric 
dimer geomey but is in contradiction with what is commonly admitted on the basis 
of experimental results (321. We will now discuss the two suggestions that have been 
put forward in order to open a gap in the surface state bands, i.e. either the tilt of 
the dimer, or an antiferromagnetic arrangement of the spins in the surface layer. 

Assuming a charge neutrality of each atom, we have tried to start the energy mini- 
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SIHHEi'RlC DMER pj 
0.0 , d. -L. 0. '.A 8. 

oown ATOM q 
(I 
0.0 

Up ATOM a 
D 
_I 

0.0 
-8, -4 0. 1. 8, 

Energy h ." 1 K J '  r 
Figure 4 Comparison, wilh the bulk DOS, of the 
WOS on the symmetric dimer atom and on the 
up and down atoms of the asymmetric dimer in 
the corresponding equilibrium geometries given in 
table 4 obtained when neglecling lhe atomic lwei 
shifts. (AI1 the densities of states are normalized to 
unity.) The shaded areas mrrespond to the filled 
states. (EF = 4.25 eV and 4.24 eV for the sym- 
melric and asymmetric geometries, respectively.) 

Figure 5. Surface band stmcture oC Si(lO0) ( 2  x 
1) for the equilibrium symmetric dimer geometry 
obtained in Ihe local neutrality condition. The back. 
bond bands and the two dangling-bond states are 
labelled B, D- and Dt, respectively. P and P' are 
surface stales having a p character. 

mization from asymmetric configurations but, contrary to the non-self-consistent case, 
the minimizations have converged towards the same final symmetric configuration as 
that discussed just above. Thus, this suggests that a charge transfer between the up 
and down atoms of the dimer is necessary to stabilize an asymmetric configuration. 
We have checked that, on a given geometry, some energy is gained when charge is 
allowed to flow from the down atom to the up atom. The calculation has been carried 
out with the equilibrium asymmetric geometry obtained when neglecting the shifts of 
atomic levels. We have allowed a charge transfer of 0.3e- from the down to the 
up atom while all sublayer atoms were assigned to be neutral. The surface energy, 
which is 3.08 eV per (2 x 1) unit cell, using the local charge neutrality is lowered to 
2.95 eV when 0.3e- is transferred. Obviously, the charge transfer should vary with 
the atomic displacements and vanish for the symmetric geometry. Ideally, for each 
geometry, a fully self-consistent calculation determining both 6y and 6Ni should 
be carried out as explained in section 3.1. However, the relation 6V, = f ( S N , )  
introduces new parameters and approximations. Moreover, the calculations become 
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Figum 6. Comparison, with the bulk DOS, of the 
DOS on the dimer atoms in the symmetric equi- 
librium geometry obtained in the local neutrality, 
condition, (All the densities of states are normal- 
ked to unity.) The shaded area corresponds to the 
filled states (EF = 4.5 ev). 

Figure 7. Total and partial integrated DOS on a 
dimer atom in the symmetric equilibrium geome- 
try obtained in the local neutrality wndition. (The 
total density has k e n  normalized to unity.) letters 
T, S, X, Y and Z denote, respectively, the total in- 
tegrated density of states and the partialintegrated 
densities of states associated with s, p,, py and p. 
orbitals. 

Table 6. Atomic level shifts associated with the (symmetric) optimum geometry obtained 
in the local neutrality condition. 

Atomic lwel 
shift (ev) 
~~ 

6 VI 0.35 
6 Vz 0.35 
6 v3 0.01 
6v ,  0.01 
6K ZO 
6 vs -0.14 
6 V7 0 
6 Vs 0 

quite lengthy and the final results may depend sensitively on parameters that are 
not accurately k n o m  Nevertheless, as already stated, The charge transfer must be 
small in view of the large dielectric constant of silicon 127. Indeed, since we have 
found that the stable geomeq  is a symmetric dimer for a zero charge transfer and 
as the self-consistent charge transfer should vary continuously as a function of the 
tilt of the dimer, we expect that, if a stable asymmetric configuration is found in a 
fully self-consistent calculation, the corresponding asymmetry must be small. In view 
of interpreting experimental surface core level shifts, some physical insight can be 
gained by comparing the values of the for the above asymmetric geometry and 
charge transfer with the values obtained for the equilibrium symmetric configuration. 
As a matter of fact, it can be inferred from all our calculations of atomic level shifts 
that the average value, 6V,, of SV, and 6V2 is always close to the value found for 
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the symmetric dimer while (SV, - bV,) and (6V, -a&)  increase in absolute value 
with the amplitude of the tilt but keep a constant sign. The results, assuming on 
the one hand a local charge neutrality and on the other hand a charge transfer of 
0.3e-, are given in table 7. If we compare these results with those of table 6, we see 
that the effective atomic level on the up atom is shifted upwards in energy while that 
of the down atom is shifted downwards. Furthermore, for a given geometry, these 
effective atomic levels are not very sensitive to  the assumed charge transfer. Finally, 
we note that 6V, is negative and significant but almost insensitive to the g e o m e y  of 
the dimer and to the charge transfer, while 6V,, which is negligible for a symmetric 
dimer, becomes appreciable in the present asymmetric geometry. 

Table 7. Comparison, at the optimum asymmetric geometry given in table 4, of the atomic 
level shifls obtained in the local neutrality condition or assuming a charge transfer of 
03e-  from the down atom to the up atom. 

Atomic level Log1 neulralily on Charge transfer of 03e -  between 
shift (ev) every atom up and down atom 

6 VI 0.72 0.64 
6 V2 0.11 0.13 
6h 0.30 0.28 
6 Vd -0.10 -0.12 
6 Vs 0.00 0.00 
6 v6 -0.17 -0.14 
6 V, 0.00 0.00 

-0.10 -0.09 

... , , , .. , , , 

It is also of interest to compare the LDOS on the up and down atoms near the 
Fermi level. When the asymmetry is rather pronounced, we find that, above the Fermi 
level, the LDOS on both a t o m  are large whereas, below the Fermi level, the LDOS 
on the up atom is high and the LDOs on the down atom is low. Thus, if the surface 
is observed by scanning tunnelling spectroscopy, when empty states are studied, the 
dimers should appear roughly symmetric Conversely, when investigating filled states, 
a buckling should be observed. Such an effect has been seen in experiments [lo] 
but only near surface defects. Hence, far from these defects, the symmetric dimers 
observed on STM images can be viewed either as symmetric or  as oscillating dimers. In 
this latter case it is expected that, the smaller the asymmetry, the easier the switching. 

In conclusion, we think that a strong asymmetry of the dimers cannot exist on 
a perfect surface and we will see in the following section that this is corroborated 
by core level photoemission experiments. An asymmetry increases the separation 
between the two surface. bands but, if this asymmetry is small, it cannot produce an 
absolute gap between them. In the symmetric dimer geometry, Artacho and Yndurain 
[5] have argued that an antiferromagnetic arrangement of the dimers lowers the total 
energy of the system and opens such a gap. However, this assertion is based on a 
HartreeFock approximation of a ZD lattice, thus neglecting the coupling with the 
sublayer atoms. In both approximations the tendency to find a magnetic solution is 
overestimated. Thus, it would be interesting to check that this result remains valid in 
a more elaborate calculation. The influence of a coupling of the surface plane with 
the bulk could be investigated using the same tight-binding Hamiltonian as above but 
adding a Hubbard term treated in the HartreeFock approximation, sincc it seems 
dimcult, although not impossible, to go beyond this approximation. Moreover, to 
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clarify this issue completely, both spin effects and a slight asymmetry of the dimers 
should be considered. Even though we have some ideas as to how to improve matters, 
the topic is sufficiently complicated that we leave it for a future paper. 

4. Comparison with surface core level photoemission experiments 

It has been shown 1331 that, in transition metals, the core levels of an atom expe- 
rience a shift of the same sign and order of magnitude as the shift of its valence 
atomic level. Following the same argument, Priester et nl 1261 have been able to 
explain the observed core level shifts on the (110) surfaces of 111-V semiconductors 
in the framework of the tight-binding approximation. As previously mentioned, they 
assumed that E, and Ep experience the8ame shift and they calculated these shifts by 
ensuring local atomic charges equal to the bulk ones, Le. local neutrality with respect 
to the bulk atoms. According to this point of view, the shifts given in tables 6 
and 7 are directly comparable to surface core level shifts. 

Let us now give a brief summary of experimental results of core level spectroscopy 
on Si(100). Before any deconvolution all spectra show a shoulder, on the low-binding- 
energy side of the bulk peak, which is clearly due to surface atoms since its intensity 
is, on the one hand, sensitive to surface pollution and, on the other hand, maximum 
at a photon energy for which the electron mean free path is at a minimum. Moreover, 
the valley between the spin-orbit split 2p1,2,3,2 doublet is less pronounced in surface 
than in bulk sensitive spectra. 

These spectra have been interpreted in several ways. According to some authors 
112-141, there is only one surface component above each bulk peak (Le. at negative 
binding energy shift relative to bulk Si) possibly split by at most the energy resolution 
of the experiment (z 200 meV). Himpsel et a/ [U, 161 assign the pronounced surface 
core level shoulder above the bulk line to half a monolayer of outer dimer atoms. 
Furthermore, in their decomposition, they obtain other componenn, and in particular 
one below the bulk line. They assign these componenB to other perturbed atoms 
which, according to the intensities and their assumed escape depth of 5.4 A should 
belong to the outer two surface layers. The existence of at least one peak on each 
side of the bulk peak is corroborated by an experiment due to McGrath et a1 [17]. 
Finally, in a very recent experiment, Wertheim et a1 [IS] interpret their data, after 
deconvolution of the spin-orbit doublet, with three surface components for each 
bulk peak. They assign to the up atom of an asymmetric dimer a doublet, split by 
e 190 meV owing to the crystal field, with an average shift of N 400 meV above 
the bulk peak. They ascribe to the down atom a line, below the bulk peak, for which 
they find a DoniachSunjic lineshape. 

Let us now compare the experimental values of surface core level shifts with the 
set of values of bV, given in tables 3, 6 and 7. In the symmetric dimer model, we 
expect that the spectrum of a given core level presents three peaks: the bulk peak 
B, a peak S, at 350 meV from B on its lower-binding-energy side associated with 
the dimer atoms and a peak S, at 140 meV from B on its higher-binding-energy side 
associated with atom 6 (see figure 1). The other peaks due to atoms 3, 4 and 5 
are indistinguishable from the bulk peak. As mentioned above, a charge transfer is 
necessary to stabilize the asymmetric dimer. This charge transfer should vary with the 
atomic displacements and, thus, the determination of the equilibrium geomeuy would 
require a fully self-consistent calculation, which would be very lengthy. However, it is 
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possible to determine qualitatively from table 7 the evolution of the core level shifts 
when going from a symmeuic to an asymmetric configuration. We see on this table 
that the main effect of an asymmetry is to split the line SI due to the dimer atoms 
into one component, Si, at lower binding energy due to the up atom, and another 
component, S y ,  at higher binding energy due to the down atom. Conversely, the h e  
S, due to atom 6 is rather insensitive to the asymmetry of the dimer. Moreover, the 
results do not vary very much with the charge transfer, even for a value as large as 
0.3e-, which is probably overestimated. The comparison of these calculated results 
with experiments suggests that there exists an asymmetry that is weaker than that 
computed with 6y = 0. Finally, the peaks associated with atoms 3 and 4, which 
would give rise to new lines if the asymmetry were large, are expected to remain close 
to the bulk peak in the case of a weak asymmetry. 'lb summarize, we propase the 
following interpretation of the experimenta1,data. The doublet Si, S;l on the lower- 
binding-energy side of the bulk peak is attributed to the dimer atoms in a slightly 
asymmetric configuration. The line S, on the higher-binding-energy side of the bulk 
peak is assigned to atom 6. Note that the degree of asymmetry of the dimers may 
depend on the presence of defects such as steps, missing dimers, etc Furthermore, 
according to this interpretation, the intensity of the lines Si, S;l and S, should be 
roughly equal in an angle-integrated core level photoemission experiment since atom 
6 has no neighbours in a wide solid angle above it. This is qualitatively verified on 
the spectrum given in figure 2 of Himpsel el a1 [16]. 

This interpretation of the origin of the different lines disagrees with that proposed 
by Wertheim et a1 [18] since these authors attribute the splitting between Si and 
Sy to a crystal-field effect Such an effect can be expected when the populations 
of the three p orbitals on the considered atom differ significantly. According to 
our calculations, this is not the case for the symmetric dimer. In the asymmetric 
geometry, assuming a charge transfer of 0.3e-, we find that the population of the pz 
orbital is significantly larger (smaller) than that of p, or p,, on the up (down) atom, 
respectively. Consequently, if a crystal-field effect is expected, it should appear on 
both atoms of the dimer with the same order of magnitude. Moreover, Wertheim et 
nl associate the peak S, to the down atom of the dimer from a lineshape argument: 
they find that their best fit to the experimental spectrum is obtained by giving this 
peak an asymmetric DoniachSunjic lineshape, which they explain by the presence of 
electronic excitations from the valence band into the nearby surface state. This can be 
understood if, on the one hand, the lower surface band is completely filled and totally 
localized on the up atom and, on the other hand, if the higher surface state band 
Dt is completely empty and totally localized on the down atom. Moreover, the two 
surface state bands must be near the top of the valence band. If this latter condition 
is well verified in our calculations, the former ones are not; in particular, Dt has a 
significant weight on the up atom and, thus, excitations of electron-hole pairs at very 
low energy are also possible on this atom. Consequently, the peaks associated with 
the up and down atoms may both have an asymmetric lineshape. However, if in our 
interpretation, this lineshape asymmetry could exist for the peak S; and S;l, the peak 
S, should not have any asymmetry since, the weight on atom 6 of the surface state 
bands being very small, the density of states near the Fermi level is very low. 

5. Conclusions 

In this paper, we have defined a tight-binding model consistent with electronic band 
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structure as wen as elastic properties of bulk silicon. With this model, we have 
investigated the different geometries of dimerized reconstruction of the Si(100) ( 2 x  1) 
surface. In all cases, the calculated bond lengths are in much better agreement with 
experiment than in previous calculations. If it is assumed that the atomic levels remain 
the same on surface atoms as on the bulk atoms, we find, as in most recent theoretical 
studies, that the difference in energy between the symmetric and asymmetric dimer 
reconstruction is small and must be of the order of a phonon energy. Since, in this 
approximation, the charges on some atoms are unrealistic, the atomic level shifts 
of surface atoms have been determined, in a second approach, from a local charge 
neutrality condition. In this case, the minimization of the total energy has always led 
to a symmetric configuration in which the surface is metallic. However, core level 
experiments cannot be explained without some asymmetly of the dimers. This result 
does not seem in contradiction with our model if a small charge transfer between 
the dimer atoms is allowed. Nevertheless, the asymmetry should be weak for several 
reasons. First, a rather large asymmetly would produce a charge transfer between 
the dimer atoms, the magnitude of which seems inconsistent with the large value of 
the dielectric constant of silicon. Then, according to our interpretation of core level 
photoemission data, the splitting between the surface core levels obsened at lower 
binding energy with respect to the bulk core level is attributed to the tilt of the dimer 
and is rather small. However, such a tilt is not sufficient to produce an absolute 
gap between the two surface state bands as seen in UPS experiments, and magnetic 
effects should he invoked. Further calculations including these effects would be very 
interesting. 
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