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Spin polarization and tiimer buckling at the Si(1QQ)-p X 1 surface
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A spin-resolved nonparametrized calculation of the electronic structure of the Si(100)-2X1 sur-

face is presented. The current symmetric and asymmetric dimer models are considered. An energy

gain of about 0.5 eV per surface atom is gained by including spin correlations in the calculations.
The electronic charge and spin densities in the vicinity of the surface are presented. The results of
the calculations strongly suggest that the dimer buckling is much smaller than predicted by previ-

ous spin-independent calculations.

I. INTRODUCTION

The study of both the atomic and electronic structures
of the Si(100)-2X 1 surface has been the subject of intense
experimental and theoretical research work since the
low-energy-electron-diffraction measurements of Schlier
and Farnsworth in 1959 (Ref. 1) revealed a 2X1 recon-
struction pattern. Although the driving mechanism for
the formation of the dimers is generally accepted, the
asymmetry of the dimers has been questioned. From the
experimental point of view, the results are to some extent
contradictory. On one side scanning-tunneling-
microscopy measurements indicate that the dimers are
symmetric away from defects and impurities. ' On the
other side, grazing-incidence x-ray-diffraction measure-
ments are interpreted in terms of asymmetric dimers.
Core-level shifts of the Si 2p levels are consistent with the
symmetric dimer configuration. Other experiments
are compatible with both symmetric and asymmetric di-
mer configurations, as has already been discussed by the
authors.

There have been several spin-independent theoretical
calculations of the electronic and geometrical structure of
the Si(100)-2X 1 surface. ' Most of the calculations in-
dicate that the asymmetric dimer model is the more
stable one, although a recent calculation by Batra' finds
an almost equal energy for the symmetric and asym-
metric dimer configurations in agreement with previous
calculations done by Pandey. ' The surface band struc-
ture obtained in these calculations is in fair agreement
with experimental data although a metallic surface is ob-
tained even for the asymmetric' dirners and the calculat-
ed occupied surface band is about 0.5 eV above the exper-
imental one. "' It is remarkable that, in spite of the
effort made, there is no general agreement on the geome-
trical structure of this surface.

In this work we present a nonparametrized calculation
of the electronic structure of the Si(100)-2X 1 surface tak-
ing into account possible spin arrangements other than
uniform since, as it was pointed out, all previous calcula-

tions have neglected spin correlations within the dimers.
However, cluster calculations' and a recent model calcu-
lation reveal that spin correlations can be of paramount
importance. The main aim of this work is not to estab-
lish the geometrical arrangement of the atoms at the sur-
face but rather to understand the influence of considering
explicitly the spin in the calculations both in the total en-

ergy and in the electronic charge distribution.
To calculate the electronic structure we use a recently

developed nonparametrized linear-combination-of-
atomic-orbitals method in which full spin-unrestricted
Hartree-Fock calculations are performed in finite clusters
of atoms in combination with infinite systems.

This work is organized as follows. In Sec. II we briefly
discuss the method of calculation and some results for the
electronic structure in the spin-restricted approximation
are presented. In Sec. III we present the results of the
spin-dependent calculation of the electronic structure at
the surface. Surface densities of electronic states are
presented. The passivation of the surface by As is also
discussed. Finally in Sec. IV core-level-shift calculations
are presented and the conclusions of our work are drawn.

II. METHOD OF CALCULATION:
SPIN-INDEPENDENT RESULTS

The method of calculation is based on the linear-
combination-of-atomic-orbitals (LCAO) approximation.
To simplify the calculation we assume a minimal basis set
at the silicon atoms to describe the valence electrons. In
most of the calculations presented here the effect of core
orbitals is simulated by appropriate atomic pseudopoten-
tials, ' although some all-electron calculation will be
presented when analyzing core-level shifts. In order to
obtain the Hamiltonian matrix elements between atomic
orbitals for the different geometrical configurations con-
sidered in this work, we have performed self-consistent
Hartree-Fock calculations in finite clusters of atoms. In
this way, when no spin correlation is allowed, the Hamil-
tonian matrix elements have the form
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H,, =H,", "+QP„,[(ij~ kl) —
—,'(ik~jl)],

k, 1

where Pj,I is the matrix element of the density operator
between orbitals k and I and

PI I =2XCI"CI" .

H '"' stands for

ionS

H,""'= i ——'V' +g + W(r —R) j
where 8' is the nonlocal pseudopotential. ' The C;" are
the coeScients of the atomic-orbitals wave functions in
the expansion of the eigenvectors of the Hamiltonian.
The double integrals (ij ~kl) have the form

(ij ~kl)= f fp;(r, )p (r, )~r, —
r2~ '&I, (rz)p&(rz)dr, dr& .

(4)

FIG. 1. Total valence electronic charge distribution at the
silicon bulk in the second-nearest-neighbor approximation. The
charge is plotted in the (011) plane passing through the atoms.
The contour spacing is 1 and the units are electrons per bulk
unit cell.

The calculation is done self-consistently in the cluster
until the stable electronic configuration for a given distri-
bution of atoms is obtained. The total electronic energy
has the form

E„,=QP~HJ "+,'QPJPII[—(ij~ki) ,'(ik~jl)]—. —(5)
i j ijkl

We have considered first a Si8H&8 cluster to simulate
the Si bulk. The cluster is such that all the silicon atoms
are tetrahedrally coordinated, the outer ones being bond-
ed to hydrogenlike saturators H*. When minimizing the
total energy in the cluster we obtain an equilibrium
nearest-neighbor distance of 2.33 A. To obtain the bulk
electronic structure we take the Hamiltonian matrix ele-
ments H; from the cluster calculations and transfer them
to perform a standard crystal LCAO calculation. The
crystal charge distribution when interactions between or-
bitals in up to second-neighbor atoms are considered is
shown in Fig. 1. The result is in agreement with previous
calculations, the double structure at the Si—Si bond be-
ing due to the limited basis set used in the calculation.

To study the electronic structure at the surface we con-
sider a semi-infinite system. The electronic structure at
the surface is calculated by using the transfer-matrix
technique ' to obtain the Green's-function matrix ele-
ments and from them the electronic charge is calculated.
The Hamiltonian matrix elements near the surface are
obtained from appropriate finite cluster calculations with
the atomic structure of previously proposed dimer mod-
els. In particular we have considered the Chadi sym-
metric dimer model' and the Yin and Cohen asymmetric
model. " To simulate these structures we have studied
silicon clusters that include atoms up to the fourth layer
to calculate the needed Hamiltonian matrix elements.

The charge distribution can be written as

EF
p(r)= —(2/m)g f lmG; (E)dE P;(r)P (r), (6)

where

&;,(E)—= &y;l(E —H) 'ly, &,

where ~&l); & stands for elements of the dual basis defined

by

and

&y, I((), &=~„ (8)

+14; &(0;1=XII; &0;I=&,

and the 0's satisfy the equation

g(E& y, ly, &
—

& y, IHIP', &)& y, IG(E)ly„& =S,„. (lO)

The charge distribution near the surface for the Chadi
symmetric and the Yin and Cohen asymmetric dimer
models is plotted in Figs. 2 and 3, respectively. The co-
valent bond formed between the surface atoms forming
the dimer is clearly seen in the figures. The dangling-
bond character pointing outwards is also clearly
identified, as well as the partial ionic character of the
bond formed in the asymmetric dimer model. There is a
charge transfer between the atoms forming the dimers in
the asymmetric case in such a way that the up atom has
0.055 extra charge essentially being transferred from the
down one.

We cannot address our work to obtain equilibrium
configurations since the surface relaxation penetrates into
the bulk several layers. However, we have considered sil-
icon clusters that include atoms up to the fourth layer
and calculated the total energy. We obtain that the
asymmetric geometry is more stable, the energy
difference per dimer being 0.11 eV indicating a similar
energy for the symmetric and asyrnrnetric dimer models
in agreement with previous local-density-approximation
calculations. The lowering of the occupied surface-states
band caused by the dimer asymmetry is responsible for
the energy gain.
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(a) (b)

FIG. 2. Charge distribution near the surface for the symmetric Chadi model in the spin-restricted calculation plotted in (011)
planes cutting the surface at right angles. Crosses and open circles represent silicon atoms contained in the plane and out of the
plane, respectively. (a) Charge distribution at the (011) planes containing surface dimers. (b) Charge distribution at the (011) planes
containing atoms of the second layer. The units are electrons per bulk unit cell and the contour spacing is 1.

III. SPIN-DEPENDENT CALCULATIONS and

In this section we present the results we obtain for both
the total energy and electronic distribution when releas-
ing the spin-symmetry constraint. To this purpose we
use the unrestricted Hartree-Fock method in which the
spin-dependent Hamiltonian matrix elements have the
form

H; '~=H; "'+g[Pkl(ij ~kl) Pkl'~(ikj~1)—],
with

P&I P&I+P&1 ~

+ g[Pj Pkj (P k~jl +P'kPJ'I )'](~j lkl)
ij kt

(&4)

where a and 13 stand for spin wave functions. The total
electronic energy can be written in this case in the follow-
ing form:

E —yp H core

l,j

OCC

P~ P= ~C"~ PC"~ P
kl ~ k I (12)

The first interesting result of the calculations is that for
both symmetric and asymmetric dimer models there is a

(b)

FIG. 3. Charge distribution near the surface for the asymmetric Yin and Cohen model in the spin-restricted calculation plotted in
(011) planes cutting the surface at right angles. Crosses and open circles represent silicon atoms contained in the plane and out of the
plane, respectively. (a) Charge distribution at the (011) planes containing surface dimers. (b) Charge distribution at the (011) planes
containing atoms of the second layer. The units are electrons per bulk unit cell and the contour spacing is 1.
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EF
p~~(r)= ——g f ImG ~(E)dE P;(r)P, (r),

l, J

that can be used to compute

p(r) =p (r)+p~(r)

and

p», „(r) =p (r )
—p~(r ),

(15)

(17)

i.e., total charge and spin density, respectively. The ma-

substantial gain of electronic energy in the cluster calcu-
lations by releasing the equal spin constraint. We obtain
an energy gain of 2.08 and 1.05 eV per dimer for the sym-
metric and the asymmetric models, respectively. This re-
sult makes the symmetric dimer the more stable one, its
energy being 0.92 eV lower than the asymmetric dimer.
This large energy difference has to be considered with
caution since no geometrical minimization when includ-
ing spin has been performed. This result indicates the
importance of including the spin in the calculation in
both the symmetric and the asymmetric dimer models.

We have also calculated the charge and spin distribu-
tion in this case. The spin-dependent charge density is
given by

trix elements 0,,'~(E) are obtained by means of the rela-
tion

(18)

In Fig. 4 we have plotted the spin-resolved charge den-
sities for the symmetric dimer model. The asymmetric
spin distribution is apparent in the figure. By adding and
subtracting these charge distributions we obtain total
charge and spin density, respectively.

In Fig. 5 we show the results for the Chadi symmetric
dimer model. We observe that the total charge distribu-
tion is very similar to the restricted spin calculation (Fig.
2). The main difference in this case is the spin population
of the two dangling bonds of the dimer, which in this case
have opposite spin orientation. We also notice from the
figure that the spin population is mostly localized at the
surface layer decaying very rapidly towards the bulk.

The spin-resolved electronic structure for the Yin and
Cohen asymmetric dimer model is presented in Fig. 6. In
both cases the spin asymmetry is qualitatively the same:
the local magnetic moments ( n; t ) —( n; ~ ) take the
values —1.07 and 1.07 electrons for each atom of the
symmetric dimer and —1.01 (1.14) electrons for the up
(down) atom of the asymmetric dimer. These numbers

(c

~&~o~+g
/~a ~My

( )

FIG. 4. Charge distribution per spin (multiplied by 2) near
the surface for the symmetric Chadi model plotted in (011)
planes cutting the surface at right angles. Crosses and open cir-
cles represent silicon atoms contained in the plane and out of
the plane, respectively. {a) Charge distribution for up-spin elec-
trons at the (011) planes containing surface dimers. (b) Charge
distribution for up-spin electrons at the {011)planes containing
atoms of the second layer. (c} Charge distribution for down-
spin electrons at the (011) planes containing surface dirners. (d)
Charge distribution for down-spin electrons at the (011) planes
containing atoms of the second layer. The units are electrons
per bulk unit cell and the contour spacing is 1.

FIG. 5. Charge and spin distributions near the surface for
the symmetric Chadi model in the spin-unrestricted calculation
plotted in (011) planes cutting the surface at right angles.
Crosses and open circles represent silicon atoms contained in
the plane and out of the plane, respectively. {a) Total charge
distribution at the (011) planes containing surface dimers. (b)
Total charge distribution at the (011) planes containing atoms of
the second layer. (c) Spin density at the (011) planes containing
surface dimers. (d) Spin density at the (011) planes containing
atoms of the second layer. The units are electrons per bulk unit
cell and the contour spacing is 1.
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FIG. 6. Charge and spin distributions near the surface for
the asymmetric Yin and Cohen model in the spin-unrestricted
calculation plotted in (011) planes cutting the surface at right
angles. Crosses and open circles represent silicon atoms con-
tained in the plane and out of the plane, respectively. (a) Total
charge distributions at the (011) planes containing surface di-
mers. (b) Total charge distribution at the (011) planes contain-
ing atoms of the second layer. (c) Spin density at the (011)
planes containing surface dimers. (d) Spin density at the (011)
planes containing atoms of the second layer. The units are elec-
trons per bulk unit cell and the contour spacing is 1.

could be overestimated since no electronic correlation is
included in the total-energy calculation.

For a better description of quasiparticle energies and
proper comparison with spectroscopic experimental data,
we have included in our calculations a self-energy diago-
nal term which takes into account the electronic correla-
tion in second-order perturbation expansion in the
electron-electron interaction. This self-energy
makes the valence bands narrower than the Hartree-Fock
ones.

The results of the calculated densities of states at
different layers near the surface for the symmetric dimer
model are shown in Figs. 7 and 8 for the spin-restricted
and -unrestricted calculations, respectively. We first ob-
serve that for the spin-restricted calculation the surface is
metallic. The main effect of including explicitly the spin
in the calculation is the shift of the occupied surface
states towards lower energies making the surface semi-
conducting in agreement with experimental results. In
addition, the surface-states band is located below the top
of the valence band in agreement with experimental
findings. This lowering is responsible for the energy gain
when including explicitly the spin in the calculations.

We have also studied in the spin-resolved approxirna-
tion the electronic structure of one monolayer of arsenic
at the silicon surface for the Uhrberg et a/. model. Ar-

—12

Energy (eV)
FIG. 7. Electronic densities of states near the surface for the

symmetric dimer model for the restricted-spin calculation. (a),
(b), (c), and (d) represent the densities of states corresponding to
the first, second, third, and fourth layers, respectively. The en-
ergies are referred to the top of the bulk valence band. The
dashed curve at the top panel represents the bulk density of
states.

senic passivates its surface and it is expected that all the
bonds are saturated. In Fig. 9 we present the spin-
dependent results for an arsenic layer of atoms absorbed
at the surface. The results present no spin asymmetry.
The electronic charge pointing outwards at the As atoms
corresponds to electrons in lone orbitals. As expected,
there is a complete saturation of the silicon dangling
bonds with no spin asyrnrnetry in agreement with previ-
ous calculations.

IV. CONCLUDING REMARKS

To complete our analysis we have calculated the 2p sil-
icon levels at the surface for the two dimer models con-
sidered throughout this work, removing the pseudopoten-
tials and performing all electron calculations. The cal-
culated chemical shifts with respect to bulk values to-
gether with the x-ray photoemission spectroscopy (XPS)
experimental data are shown in Fig. 10. We observe an
excellent agreement for the symmetric dirner model and a
nonexperimentally observed two-peak structure around 1

eV in the ease of the asymmetric dimer, stressing again
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FIG. 8. Electronic densities of states near the surface for the
symmetric dimer model for the unrestricted-spin calculation.
(a), (b), (c), and (d) represent the densities of states correspond-
ing to the first, second, third, and fourth layers, respectively.
The dashed curve at the top panel represents the bulk density of
states. The energies are referred to the top of the bulk valence
band.
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FIG. 10. Silicon 2p core level at the Si(100)-2X 1 surface. In
(a) the experiments of Ref. 7 are presented. (b) and (c) are the
theoretical results obtained for Chadi symmetric and for Yin
and Cohen asymmetric dimer models, respectively. The binding
energies obtained for the 2p levels of surface and bulk silicon
atoms, including a spin-orbit splitting of 0.61 eV (Ref. 7) are
convoluted with properly weighted Doniach-Sunjic (Ref. 28)
functions. S stands for surface and B for bulk signal with the
sum of both shifted upwards for clarity.

(a (b)

FIG. 9. Charge distribution near the surface for one As monolayer adsorbed at the Si(100) surface for the model of Ref. 26. The
calculation is performed in the spin-unrestricted approximation. The charges are plotted in (011) planes cutting the surface at right
angles. Stars stand for arsenic atoms. Crosses and open circles represent silicon atoms contained in the plane and out of the plane,
respectively. (a) Total charge distribution at the (011) planes containing surface arsenic atoms. (b) Total charge distribution at the
(011) planes containing atoms of the second layer. The units are electrons per bulk unit cell and the contour spacing is 1.
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the favorable symmetric arrangement at the dimer in
agreement with other core-level-shift calculations.

From our calculations we can conclude the following.
(i) Inclusion of spin correlation when calculating the

electronic structure and total energies for different atom-
ic geometries at the Si(100)-2X 1 surface seems essential
to obtain reliable results.

(ii) We find that for all the current dimer models the
spin arrangements within the dimers is antiferromagnetic
for both the buckled and the nonbuckled models. There-
fore it is essential to include the spin when calculating
atomic and molecular adsorption at the surface.

(iii) We have analyzed other dimer models than those
reported above. We have found for all the models con-
sidered that including spin correlation in the calculations
makes the symmetric models more stable than the asym-
metric ones. Hartree-Fock calculations tend to overesti-
mate spin population. Nevertheless, in this case, the en-
ergy gain when releasing the spin symmetry is so large

that inclusion of electron-electron correlation would not
change our results substantially.

(iv) The electronic surface densities of states are in
better agreement with experiments when including the
spin explicitly in the calculation, the surface becoming
semiconducting in agreement with experimental findings.

(v) Core-level-shift analysis indicates that the charge
transfer associated with the buckled dimer models is not
compatible with experimental findings.

(vi) All the above results indicate that dimers buckling
(if any) at the surface are much smaller than previously
predicted.
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