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We have applied a small correction (&10%) to Eq.
(6) to allow for the heat flowing from the solid and

liquid into the cell. walls. This correction was deter-
mined by measuring the time constant T2.

It is also true that

(tsar)

must be ~1. Its~) can be
calculated from a relation like Eq. (4), and is smaller
than (t~s) by a factor of about 5. Thus, the condition
(tzs) 1 is a more severe limit than (ts&) ~1.
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Based on pseudopotential local spin-density calculations, it is proposed that the
minimum-energy Si(111) nonbuckled surface is stable against 2 &&1 buckling distortions.
A 2&1 antiferromagnetic spin-density wave, localized on the surface, enhances the
stability of this structure.

PACS numbers: 68.20.+ t

Although Si(111)is the most studied surface in
solid-state physics, questions regarding the
structural and electronic properties persist. This
surface has been studied experimentally and theo-
retically by a variety of techniques. ' New angle-
resolved photoelectron spectra for the 2 & 1
cleaved surface" and the 1 x 1 laser-annealed
surface4' point to the possible importance of cor-
relation effects. It was proposed by Himpsel
et al.' and Zehner et a/.4 that, because of the small
dispersion of the surface bands (on both cleaved
and laser-annealed surfaces), correlation effects
might be important for a correct interpretation of
the experimental results. Del Sole and Chadi'
have advanced a model in which electron correla-
tion effects are included and are crucial in de-
termining the properties of the surface.

In the self-consistent pseudopotential calcula-
tions reported here, the local spin-density-func-
tional formalism" is used so that the total ener-
gy may be minimized with respect to both the spin
alignment and the atomic positions. The objective
is to determine the surface structure by varying
the atomic positions until the Hellman-Feynman
(HF) force on each atom approaches zero; that
is, a minimum in the total energy is found. A

similar approach, ' restricted to the local density
approximation, has recently been used to predict
the atomic geometry of Si(QQ1).

We consider geometries which have transla-
tional symmetry that is at least 2 & 1. Within the
2 & 1 unit cell, the surface may be either buckled
or nonbuckled, and the spin alignment may be
either paramagnetic, antiferromagnetic, or

ferromagnetic. The calculations are performed
on slabs of silicon consisting of ten layers of at-
oms. Each slab is placed in a supercell. The
ionic pseudopotential used in these calculations
is generated with the method of Hamann, Schluter,
and Chiang. ' This pseudopotential has been used
to calculate accurately the ground-state proper-
ties of bulk silicon. "

For a given set of atomic positions, the elec-
tronic structure is calculated self-consistently in
momentum space. " The number of plane waves
included in the expansion of the wave function and
the number of 0 points included in the Brillouin
sum is increased until the HF force on each atom
has converged; this enables us to obtain a con-
vergent result for the atomic positions. With this
convergence criterion, calculations of the bulk
lattice constant and spin-polarized calculations of
the Si, molecular bond length" give results which
are within 1% of the experimental values. For
Si„we obtain a 'Z ground state, in agreement
with experiment. This demonstrates the ability
of the local spin-density formalism, even when
applied to the valence electrons only, to predict
the correct ground-state properties.

For the spin-nonpolarized calculations, the
Wigner interpolation formula" is used to approxi-
mate the effects of correlation. In the spin-po-
larized calculations, the exchange-correlation
energy functional (ECEF) of Gunnarsson and
Lundqvist' (GL) is employed. The ECEF's of von
Barth and Hedin' and Ceperley and Alder'"" are
tested, and their use instead of the GL ECEF led
to only minor quantitative differences. For pur-
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poses of comparing the total energies of polarized
and nonpolarized calculations, we employed the
GL ECEF for the polarization-dependent part of
the ECEF and the Wigner ECEF for the polariza-
tion-independent part. This enables us to avoid
repeating the nonpolarized calculations with the
GL ECEF. No qualitative feature of these calcu-
lations depends on the choice of the ECEF.

We first describe the results of calculations in
which the atoms are constrained to move vertical-
ly, and 1 && 1 structural symmetry is maintained.
Using the HF forces as a guide, we find the mini-
mum-energy nonbuckled paramagnetic surface
structure (geometry 2 in Fig. 1) by testing geom-
etries with successively smaller forces and lower
total energies. In this geometry, the distance be-
tween the top two layers contracts to 0.93 a.u.
(compared to 1.48 a.u. in the bulk), and the sub-
surface atoms remain within 0.02 a.u. of their
ideal positions. This nonbuckled paramagnetic
surface is stable with respect to small 2 & 1 buck-

ling distortions (including lateral displacements
of the subsurface atoms). For each distortion
tested, the total energy increased, and restoring
forces developed on the displaced atoms.

However, the total energy of this geometry is
lowered (by 0.020 eV per surface atom) when the
spin density is allowed to vary. The electrons in
the dangling-bond surface states then become cor-
related in such a way that the spin-up electrons
are mainly localized on one of the surface atoms
(type 1) in each unit cell, and the spin-down elec-
trons are localized on the other surface atoms
(type 2). (For this nonbuckled geometry, the
type-1 and type-2 atoms are structurally equiva-
lent. ) This spin ordering reduces the translation-
al symmetry of the spin-dependent exchange-cor-
relation potentials from 1&& 1 to 2&& 1, and this
reduction in symmetry allows for the possibility
of an exchange-correlation energy gap. The un-
occupied dangling-bond surface states correspond
to spin-up electrons localized on type-2 atoms
and spin-down electrons localized on type-1 at-
oms. The energy gap separating the occupied and

empty states arises from the increased Coulomb
repulsion between electrons of the opposite spin
relative to the Coulomb repulsion between elec-
trons of the same spin.

Once the nonbuckled surface becomes an anti-
ferromagnetic insulator, nonzero forces develop
and so the total energy can be reduced as the at-
oms are moved closer to new equilibrium posi-
tions. In the minimum-energy nonbuckled anti-
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FIG. l. Energy diagram. Energies are measured
with respect to the ideal paramagnetic (IP) surface.
BP denotes a buckled paramagnetic surface, BA de-
notes a buckled antiferromagnetic surface, NBP de-
notes a nonbuckled paramagnetic surface, and NBA
denotes a nonbuckled antiferromagnetic surface. The
energy levels indicated with dash lines correspond to
structures with forces still acting on the atoms; those
levels indicated with solid lines correspond to struc-
tures in which the forces are zero.
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FIG. 2. Contour plot of valence spin density in the
(110) mirror plane for the minimum-energy nonbuckled
antiferromagnetic surface. The contour spacing is 10
units of electrons/(3376 a.u.) (Ref. 3).
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ferromagnetic surface (geometry 3 in Fig. 1), the
calculated interlayer distances for the first six
layers are 1.11, 4.46, 1.41, 4.42, and 1.46 a, u.
These distances may be compared to the values
found with low-energy electron diffraction (LEED)
by Zehner etal. "on a 1 && 1 laser-annealed sur-
face. They obtained 1.10 and 4.58 a.u. for the
first and second interlayer distances. The pre-
dicted contraction of the first interlayer spacing
from 1.48 a.u. is in good agreement with experi-
ment. The valence spin density for this geometry
is shown in Fig. 2. It is nonzero only near the
surface, and the bulk remains paramagnetic. The
integrated spin-up minus spin-down electron den-
sity is +0.5 electrons around the two structurally
equivalent surface atoms in each cell. In princi-
ple, a very sensitive LEED experiment would de-
tect a 2 & 1 diffraction pattern arising from the
exchange interaction between the incident elec-
tron and the spin-polarized valence electrons.

We now turn our attention to the buckled geom-
etries. Ten paramagnetic and four antiferromag-
netic geometries were tested. Restricting our-
selves to the paramagnetic subset, we find a lo-
cal minimum (geometry 1 in Fig. 1). This struc-
ture, however, like the nonbuckled paramagnetic
surface, is unstable with respect to variations in
the spin density. The formation of an antiferro-
magnetic 2 && 1 spin-density wave lowers the en-
ergy of the surface by 0.018 eV per surface at-
om, and, as in the case of the nonbuckled sur-
face, forces develop on the surface atoms. The
forces indicate that a reduction in the buckling
will reduce the energy. Additional buckled anti-
ferromagnetic geometries were tested, each with
a smaller amount of buckling, and in each case,
the HF forces indicated that a still further reduc-
tion in the buckling was necessary. As the buck-
ling was reduced, the charge transfer from down
atoms to up atoms was reduced, and the spin
transfer was increased. These two effects are
responsible for the reduction in surface energy.
A buckling distortion was then introduced into the
stable nonbuckled antiferromagnetic geometry.
This distortion is illustrated in Fig. 3 and de-
noted as geometry 4 in Fig. l. It was found that
the total energy increased by -0.003 eV per sur-
face atom, "and restoring forces developed on
the displaced atoms. Thus, we find that no stable
2 & 1 buckled antiferromagnetic structure exists.
The reason for the stability of the nonbuckled sur-
face is that the buckling-induced charge transfer
reduces the spin-wave amplitude.

Because the energy required to create a 2 & 1
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FIG. 3. Side view [atoms projected onto (110) plane]
of the 2&& 1 buckling distortion used to test the stability
of the nonbuckled antiferromagnetic surface.

distortion on the surface is small (0.003 eV per
surface atom for a buckling amplitude of 0.2

a.u. ), it is likely that the strain field around
steps, when coupled to this soft phonon, will ef-
fect the long-range structural order. Steps on
the freshly cleaved surface may provide a bound-
ary condition which stabilizes a buckling distor-
tion. Alternatively, it is possible to construct
2 ~ 1 geometries other than the buckled model
which are consistent with the observed LEED
patterns.

For single-domain 2&& 1 surfaces, Himpsel
et al. ' observed two occupied dangling-bond sur-
face states. The existence of two occupied sur-
face states, one spin-up and one spin-down, is
inherent in a buckled antiferromagnetic surface. '
For buckled antiferromagnetic surfaces, our cal-
culations also lead to two such states. For a sur-
face with a buckling of 0.72 a.u. , the surface
state of lower energy has a dispersion of +0.13
eV from I'to J' and a dispersion from I to Jof
—0.06 eV. For the state of higher energy, the
dispersion is +0.25 eV from I" to J' and +0.15
eV from I to J. The energy splitting between
these two occupied bands is 0„13eV at I' and 0.34
eV near J. These dispersions are geometry de-
pendent, and the atomic positions on a stepped
surface may be quite different from those for
which these results were obtained. Experiments
which detect spin polarized photoelectrons in
photoemission or detect an absorption spectrum
which depends on the polarization of the incident
light could test the prediction of two nondegener-
ate spin-polarized surface bands. For the non-
buckled antiferromagnetic surface, the occupied
spin-up and spin-down surface states are degen-
erate and disperse upwards by 0.1 eV from I" to
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J' and downwards by 0.2 eV from I to J.
In conclusion, these calculations imply that the

buckling lattice distortion would not drive a 2 & 1
reconstruction on a, perfect Si(111)surface. In-
stead, they show that a 2 & 1 spin-density wave
is energetically favorable and induces the insulat-
ing behavior observed on both cleaved and laser-
annealed Si(ill). The nonbuckled antiferromag-
netic surface is shown to be stable against buck-
ling type distortions.
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Several qualitatively different structural models have been examined in a critical
evaluation of spectroscopic and other data for the Si(111)-(2&1) surface. Within the
one-electron theory, only a novel ~-bonded chain model with a covalent surface, and
not the generally accepted buckled model with an ionic surface, is consistent with the
data.

PACS numbers: 68.20.+t, 73.20.Cw

In spite of extensive and concerted experimen-
tal and theoretical effort, the determination of
surface atomic structures of covalent semicon-
ductors has remained one of the most outstanding
problems in surface physics. ' Qf the proposed
models' ' for the cleaved (111) surface of Si,
which shows a (2 && 1) reconstruction, the buckling

model' with alternate rows of surface atoms mov-
ing in and out of the surface [Fig. 1(a)] has been
the most widely accepted model. Such a conclu-
sion is based primarily on model-dependent cal-
culations" of surface energy bands and their
comparison with spectroscopic data, especially
ultraviolet photoemission spectra (UPS)' ' and
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