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First-principles calculations of energy and stress are performed on adatom-covered Si(111) and
Ge(111) surfaces. The presence of adatoms is found to lower the surface energy and cause a large
change in surface stress. While the 1X 1 surfaces are under a weak compressive stress, the V3 X V3
and 2 X2 adatom-covered surfaces are under a strong tensile stress. Calculations at high plane-wave
cutoff unambiguously identify the 2X2 top-site geometry as the energetically preferred adatom
configuration. Relaxed geometries are presented and compared with x-ray structural measurements
of adatoms in the Si(111)-7X 7 structure. Vibrational mode frequencies and eigenvectors of the ada-
tom unit are determined from a comprehensive set of frozen-phonon calculations for the Si 2X2
surface; we find two symmetric modes that are strongly localized at the surface, in agreement with
electron-energy-loss—spectroscopy measurements. It is found that the 2X2 adatom-covered sur-
faces have three surface bands, and the dispersion relations are calculated along symmetry direc-
tions in the surface Brillouin zone. The surface band structures are in good agreement with angle-
resolved photoelectron-spectroscopy data for the 7X 7-Si(111) surface.

I. INTRODUCTION

Since the discovery that the annealed Si(111) surface
reconstructs with a 7X7 surface cell,! a large amount of
effort has been expended trying to understand this impor-
tant surface. In the past several years, a variety of experi-
mental techniques have been employed to study this 7X7
reconstruction,?”® and it is now widely accepted that the
dimer—-adatom—stacking-fault (DAS) model of Takanay-
agi et al.? correctly explains the atomic structure of an-
nealed Si(111). In the Takanayagi model, triangular is-
lands of faulted and unfaulted Si are separated by dimer
walls. Within these islands, the surface is a simple ada-
tom covering. The germanium surface, on the other
hand, reconstructs with a ¢2X8 surface cell. Recent
structural studies have demonstrated’ ! that this sur-
face is a simple adatom covering, free of dimers and
stacking faults. It is strange that germanium, which is
chemically similar to silicon, reconstructs in such a
different pattern.

What is the relation between these reconstructions?
One common feature of the 7X7-Si(111) and c¢2X38-
Ge(111) reconstructions is that they both involve adatom
coverings. There is a simple explanation why the pres-
ence of adatoms on a surface is energetically favorable.
Consider an ideally terminated Si(111) surface with all
the atoms in their ideal bulk positions, but with the crys-
tal terminating at a (111) lattice plane. This 1X 1 surface
is never physically realized because it contains a high
density of broken bonds, each of which is energetically
costly. The density of these dangling bonds can be re-
duced by introducing ‘“extra” atoms, called adatoms,
onto the surface. Each adatom bonds to three surface
atoms, but introduces only one new dangling bond.
Thus, an adatom-covered surface will be energetically
favorable because in covering the surface the density of
broken bonds is reduced. There are two inequivalent
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sites for the adatom, the top site, which is vertically over
the atom in the second layer, and the hollow site, above
the fourth-layer atom. Placing atoms in either site lowers
the surface energy,!! but the top site appears to be the
only site observed experimentally.

Although each adatom reduces the dangling-bond den-
sity, it is not favorable to saturate a surface with ada-
toms. As we shall show, the 2 X2 surface reconstruction,
which accommodates only 75% of the original surface
dangling bonds, is slightly lower in energy than the
V'3 X V'3 structure, which accommodates all the dangling
bonds. The simplest surfaces with one adatom for every
four surface atoms (accommodating 75% of the broken
bonds) have primitive unit cells with 4 times the area of
the unreconstructed 1X1 surface. There are two such
coverings, one with hexagonal symmetry, the 2X2 sur-
face, and one with rectangular symmetry, the c2X4
reconstruction. One can generate other coverings of this
density, such as the ¢2X 8 observed on Ge, by decorating
larger primitive cells; many of these are expected to be
close in energy.”!? In this paper, we focus on the 2X2
adatom case with the hope that many features may be
shared by similar surfaces. This is also the ordering ob-
served locally within the islands of the DAS model.

Although the atomic structures of the 7X7 and ¢2X 8
surfaces have been established experimentally, it is still
unclear why they are the energetically preferred recon-
structions for Si and Ge respectively. .Several authors
have suggested that the relief of surface stress may be the
driving force for the reconstruction of surfaces.>”!* In
this picture, the dimer walls function to relieve the
compressive stress of the adatom-covered surface. How-
ever, preliminary calculations by Vanderbilt!® indicated a
strong tensile stress. An alternate model!’ suggests that
the dimer walls are favored because they reduce the
dangling-bond density. The role of surface stress has also
been investigated experimentally. It has been found that
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application of a lateral compressive stress to the Ge sur-
face (by growth on Si) will drive it from a c2X8 toa 7X7
reconstruction.'® Similarly, application of compressive
stress to the Si surface by alloying with Ge will drive the
reconstruction from 7X7 to 5X5.!° Thus there is strong
evidence that surface stress plays an important role in
determining the surface reconstruction.

In this paper a detailed discussion of the faulted and
unfaulted adatom-covered surfaces of Si and Ge is
presented, focusing on surfaces with a 2X2 periodicity
with the adatoms in the top-site positions. Calculations
of energy and stress for these surfaces have been per-
formed, using first-principles self-consistent density-
functional techniques. These highly converged, large-cell
calculations were made possible by the use of an iterative
diagonalization scheme developed recently.?’ [Some pre-
liminary results on Si(111) surfaces have already appeared
in Ref. 16, but these were limited to smaller cutoffs and
thinner slabs.] The relaxed atomic coordinates of the
adatom and subsurface Si atoms are presented and com-
pared with the experimental positions determined by x-
ray-diffraction studies.?! The surface energies of the
faulted and unfaulted adatom-covered surfaces of Si and
Ge are investigated, including a discussion of the two
sites for the adatom, the top and hollow positions. First-
principles calculations of surface stress are presented, the
results of which are in strong disagreement with those of
semiempirical calculations by Pearson.?? A good agree-
ment is found between the calculated surface band struc-
ture and the angle-resolved photoemission spectra of the
7X 7 surface.?? The difference in band structure between
the faulted and unfaulted surface is investigated, and the
implications of these differences on the scanning tunnel-
ing microscopy images of the faulted and unfaulted
halves of the 7X7 unit cell is discussed. Finally, surface-
phonon frequencies have been determined via a set of
frozen-phonon calculations, and the results compare well
with electron-energy-loss—spectroscopy (EELS) measure-
ments.

II. METHOD OF CALCULATION

Self-consistent density-functional calculations have
been performed using the local-density approximation.
We employed norm-conserving nonlocal pseudopoten-
tials, which are optimally smooth, in accordance with the
prescription of Vanderbilt.?* The Hamiltonian was ex-
panded in a basis of plane waves with a maximum energy
of 8 Ry, with some tests carried up to 12 Ry. The depen-
dence of energies and stresses on the plane-wave cutoff
will be discussed later. The Hamiltonian was iteratively
diagonalized using the method of Natarajan and Vander-
bilt,”® and the Hellmann-Feynman forces were deter-
mined. The bulk stresses were calculated as in Nielsen
and Martin,? except that a correction due to finite basis
size?® was added.

Although one wishes to study the surface of a semi-
infinite crystal, computationally one must choose a sys-
tem with a finite cell. We used a slab five double layers
(10 atoms) thick. For the 2 X2 surfaces, the adatoms
were then added to both the top and bottom surfaces,
yielding a 42-atom cell with inversion symmetry through
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the center of the slab. Periodicity normal to the surface
was achieved by repeating the slabs with a spacing of
eight double layers. This leaves approximately three dou-
ble layers of vacuum between surfaces, which we found
was enough space to prevent interaction across the vacu-
um. We fixed the lattice constant parallel to the surface
to be that of the theoretical lattice constant at the work-
ing plane-wave cutoff. This is variationally correct for
thick slabs, and is the best approximation for a thin slab
modeling a semi-infinite surface. The Hamiltonian was
diagonalized at representative k points in the irreducible
Brillouin zone (IBZ). Specifically, the diagonalization
was performed at seven k points in the IBZ of the 1X1
cell, four k points in the IBZ of the V3XV73 cell, and
three k points in the IBZ of the 2 X2 cell. These k points
were selected so that the seven-k-point set of the 1X1
IBZ and the four-k-point set of the V'3XV'3 cell both
project into the three-k-point set of the smaller 2X 2 IBZ.
Thus, the same subspace of the Hamiltonian was con-
sidered in all cases. The charge density at these k points
was then used to generate a new potential,?’ using a cal-
culated dielectric matrix as a guide.?® This procedure
was iterated until a self-consistent solution was found.
Although the 1X1 geometry required a metallic filling,
the adatom-covered 2 X2 surface required only an insu-
lating filling because of charge transfer in the unit cell. A
simple insulating filling was used for the V3XV3
adatom-covered surface. Having determined the elec-
tronic structure for this geometry, we calculated the
Hellmann-Feyman forces on the atoms. We then moved
the atoms in the unit cell to decrease these forces, using a
calculated Keating force-constant matrix as a guide.
This procedure was repeated until the forces were negligi-
ble (less than 0.02 eV/A). The modified Broyden?® con-
vergence acceleration scheme was used to improve both
the dielectric and Keating matrices as the calculations
proceeded.

III. ATOMIC POSITIONS

We have calculated the relaxed geometry for several
2X2 adatom surfaces. The atomic positions of 2X2
adatom-covered unfaulted Si(111) are shown in Fig. 1,
with the corresponding coordinates given in Table I. In
Table I the coordinates are presented in the lattice vector
basis R=c, A;+c,A,+c,A,, where |A,|=]|A,
=a,/V2 and IA |-—ao/\/§ and a, is the bulk lattice
constant. By choosing a;,=5.43 A we implicitly scale the
positions to the experimental lattice constant. The actual
calculations were performed at the theoretical lattice con-
stant at 8 Ry, a;=5.47 A. We have not given the posi-
tions of all 42 atoms in the unit cell, but the missing coor-
dinates can be related to those in Table I by symmetry.
The coordinates of the atoms in the lower half of the slab
may be generated by inversion symmetry through the
slab center (the origin). The coordinates of the missing
atoms (e.g., atoms 4 and 5) may be derived from those of
the preceding on (e.g., atom 3) by 120° rotations through
the Z-symmetry axis joining adatoms on the two surfaces
of the slab. This has the effect of generating new com-
ponents (cj,c3,c;) related to the old ones by



18

FIG. 1. A side view of the relaxed 2X2-adatom-covered
Si(111) slab. The distance between adatoms is V'2a,. The cor-
responding atomic coordinates are presented in Table I.

(ci,¢5,¢;)=(—c,y,c1—0Cy, ;)

The Si(111) surface is a series of close-packed planes
with a stacking sequence ( - - - BCCA ABBC). Since the
adatoms bond to surface atoms in the C positions, they
may sit in either the B position (the top site) or in the 4
position (the hollow site). In Fig. 1 the adatom (atom 1)
is in the top site. In a 2 X2 reconstruction, there are four
atoms in the top layer of the slab. The adatom bonds to
three of these atoms, leaving one atom with a dangling
bond, known as the rest atom (atom 2).

As can be seen in Fig. 1, the relaxed geometry of the
adatom-covered surface involves many atoms being dis-
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placed significantly from their ideal bulk positions. The
nearest neighbors to the adatom (atoms 3-5) move closer
together, and the second-layer atom beneath the adatom
(atom 6) is displaced strongly downward. This, in turn,
causes the third-layer atom beneath the adatom (atom 10)
to be displaced downward, and the fourth-layer atoms to
which it is bonded (atoms 15-17) to move outward. Al-
though the Z coordinate of any individual atom may
change significantly from its bulk value, the average
height of each layer remains close to the bulk height.

Although symmetry prohibits the rest atom from mov-
ing laterally, it does relax in the Z direction. In its equi-
librium position, the rest atom lies higher than the ideal
bulk height by 0.3 A. The rest atom has bond angles of
99.9° and bond lengths of 2.34 A. This can be under-
stood as a consequence of the charge transfer in the unit
cell. While the surface band with most of its character
on the adatom is unoccupied, the surface band composed
of states localized on the rest atom is fully occupied (see
Sec. VI). Thus the electronic structure of the negatively
charged rest atom is similar to that of a neutral column-V
element (e.g., As). As a consequence, the rest atom can
be expected to relax upward in order to attain the p-like
hybridization-it prefers, just as the As atom relaxes up-
ward on the GaAs(110) surface. Alternatively, the up-
ward relaxation can be regarded as being due to the elec-
trostatic repulsion between the dangling-bond charge
above the rest atom and the other three bond charges. In
the hollow geometry, the occupied dangling-bond band
has slightly less character on the rest atom, and the rest
atom is slightly lower, with bond angles of 104.9° and
bond lengths of 2.34 A.

Also presented in Table I are the relaxed coordinates
for the 2X2 adatom-covered surface with a plane-wave
cutoff of 5 Ry. It is clear that the atomic positions are
not greatly changed in going from 5 to 8 Ry. The largest

TABLE I. Relaxed atomic coordinates for 2 X2 adatom-covered unfaulted Si(111). The positions are in lattice-vector coordinates,
R=ciA|+c; Ay+c, A,. A, and A, are the lattice vectors of the unreconstructed surface. They lie parallel to the surface, are
separated by 120°, and have a length of a, /V2, where a, is the bulk lattice constant. A, points normal to the surface with a magni-
tude of one double layer, a,/v'3. Coordinates of unlisted atoms may be generated by symmetry (see text).

Atomic coordinates

Atom Calculated at 8 Ry Calculated at 5 Ry Bulk positions
no. ¢ c, c, ¢ c, c, ¢ c, c,
1 0.000 0.000 2.497 0.000 0.000 2.493
2 —0.667 0.667 2.279 —0.667 0.667 2.226 —0.667 0.667 2.125
3 0.317 0.634 2.084 0.316 0.633 2.092 0.333 0.667 2.125
6 0.000 0.000 1.720 0.000 0.000 1.728 0.000 0.000 1.875
7 —0.044 0.978 1.929 —0.030 0.985 1.924 0.000 1.000 1.875
10 0.000 0.000 0.996 0.000 0.000 1.005 0.000 0.000 1.125
11 —0.002 0.999 1.161 —0.001 0.999 1.157 0.000 1.000 1.125
14 0.667 —0.667 0.918 0.667 —0.667 0.912 0.667 —0.667 0.875
15 0.691 0.346 0.863 0.690 0.345 0.864 0.667 0.333 0.875
18 0.667 —0.667 0.168 0.667 —0.667 0.164 0.667 —0.667 0.125
19 0.680 0.340 0.110 0.678 0.339 0.111 0.667 0.333 0.125




3908

change in bond length is from the adatom to its nearest
neighbor, whlch is 2.47 A in the 8- Ry calculation, but
only 2.45 A in the 5- -Ry calculation.

Our calculated coordinates compare well with experi-
mental measurements of lateral positions by x-ray
diffraction. On the 2 X2 surface neither the adatom nor
the rest atom may relax its lateral coordinates, since both
occupy positions of threefold symmetry. Atoms 3-5 re-
lax inward (toward the adatom), but all three move by the
same amount since they are constrained by symmetry.
On the 7 X7 surface the symmetry is lower. The adatoms
on the islands are inequivalent and the nearest-neighbor
bond lengths may vary. Robinson et al?! have per-
formed x-ray-diffraction studies on the 7X7 Si(111) and
have measured bond lengths projected into the (111)
plane; the projected bond length between adatoms and
surface atoms is found to vary from 2.07 to 2.13 A with
an average value of 2.11 A. This is closer to our calculat-
ed value of 2.106 A than to the value of 2. 072 A calculat-
ed for the V'3 X V'3 adatom-covered surface.*

Although x-ray diffraction is a sensitive method of
determining the lateral coordinates of surface atoms, it
cannot determine their heights. However, Tong et al.
have recently performed a sophisticated low-energy
electron-diffraction (LEED) analysis to determine these
heights. As in the previous case, we can compare calcu-
lated heights of the adatom-covered surface to the aver-
age heights on the 7 X7 surface as determined by LEED.
The majority of these heights are within the expected un-
certainty of the LEED analysis, 0.1 A. In the first bi-
layer, we ﬁnd most coordinates to be in the range
0.03-0.11 A higher than the LEED measurements, and
find that this difference decreases to 0.04—0.05 A in the
second bilayer. Two notable exceptions are the rest
atom, which we find ~0.5 A higher than does Tong
et al., and atom 6, which we find 0.2 A higher. We also
corroborate an interesting trend, which Tong et al. not-
ed, concerning the difference in heights on the faulted
and unfaulted surfaces. We find that the top bilayer on
the faulted surface is an average of 0.036 A higher than
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the topmost bilayer of the unfaulted surface, close to the
value of 0.05 A resultlng from the LEED analysis. This
trend is also present in the 1X1 surface, for which the
first bilayer of the faulted surface is higher than the first
bilayer of the unfaulted surface by 0.09 A (0.14 and 0.04
A in the first and second layers, respectively). Chou,
Cohen, and Louie®! found a similar expansion for stack-
ing faults in bulk systems, and also found relaxations of
~0.05 A.

IV. ENERGIES

The surface energies we have calculated for several
Si(111) and Ge(111) surfaces are presented in Table II.
These results show that the adatom-covered surfaces are
lower in energy than the 1X1 surfaces. Crudely, we can
infer that the energy savings associated with decreasing
the dangling-bond density offsets the energy cost of dis-
torting the bond lengths and angles between the surface
atoms. Moreover, we can conclude that of all the
adatom-covered surfaces investigated, the 2X2 top-site
covering had the lowest energy. This contradicts the
naive expectation that the surface with the lowest density
of dangling bonds will be the energetically favored one.
Instead, we must consider the electronic structure of the
surfaces. While the 2 X2 top-site surface is an insulating
filling of the favorable rest-atom band (see Sec. VI), the
V/3X V'3 top-site surface is a metallic filling of the ada-
tom band. As an alternate explanation, one might guess
that a higher adatom coverage might result in a lower de-
gree of relaxation of the adatom cell. We have tested this
by comparing the distance between adatom nearest
neighbors (atoms 3-5 in Fig. 1) in different structures, a
smaller distance indicates a greater relief of bond-angle
stress. We found this distance to be 3.519, 3.590, and
3.648 A in the V3XV3, 2X2 hollow-site, and 2X2 top
site, respectively (compared with a value of 3.839 A for
the bulk structure), and thus it appears differing degrees
of structural relaxation are not responsible for the rela-
tive energies of the adatom surfaces. We also find that

TABLE II. Calculated surface energies and stresses for Si(111) and Ge(111) surfaces. All adatoms in
top-site positions, except as noted. The structures were relaxed with an 8-Ry plane-wave cutoff, and the
energies and stresses were calculated. The energies were then recalculated using a 12-Ry cutoff without

further structural relaxation.

E g
[eV/(1X1 cell)] [eV/(1X1 cell)]
Structure 8 Ry 12 Ry
Si 1X1 1.45 1.39 —0.54
1X1 (faulted) 1.51 0.11
V3 XV'3-adatom 1.27 1.70
2X2-adatom 1.24 1.66
2X2-adatom (faulted) 1.27 1.89
2X2-adatom (hollow site) 1.31 1.23 1.18
Ge 1X1 1.40 —0.73
1X1 (faulted) 1.45 —0.26
2 X 2-adatom 1.20 143
2X2-adatom (faulted) 1.22 1.67
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the introduction of a stacking fault into the top layer
raises the surface energy slightly, in the range 0.02-0.06
eV/(1X1 cell). This is similar to the energy cost of a
stacking fault in the bulk, which has been calculated to
be ~0.04 eV/(1X 1 cell).?!

The pseudopotential calculations were performed on a
slab geometry, and so we obtain the energy per slab unit
cell, E,,. The surface energy, E, is related to the slab
energy by

Equrt=Egab ~ NatomEvuik » 4.1)

where N, is the number of atoms in the slab unit cell,
and Ey,, is the energy per atom of the bulk. In order to
deduce E ¢, one must first obtain E,, and E,,, which
were calculated using three, four, or seven k points in the
slab IBZ and 10 k points in the bulk IBZ, respectively.
To test the impact of using different k-point sets to calcu-
late the slab energies and bulk energies, we also calculat-
ed the Si bulk energy using a slablike geometry and k-
point set. The slablike geometry had 6 atoms/(unit cell)
and we employed the same k-point set as had been previ-
ously used for the surface calculations; we used seven k
points in the surface IBZ and a dense set along the k,
direction. We found that changing the k-point set
changed the value of E; by 0.042 eV/(bulk unit cell).
Although this lowered the absolute value of the surface
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FIG. 2. The surface energies of several reconstructions as a
function of plane-wave cutoff. The structures were relaxed with
an 8-Ry cutoff, and the energies were calculated. The energies
were then recalculated using 5-, 10-, and 12-Ry cutoffs without
further structural relaxation.

3909

energies by ~0.12 eV/(1X1 cell), we found that the rela-
tive energies of different surfaces changed by at most
0.007 eV/(1 X1 cell).

The relative energies of adatom-covered and adatom-
free surfaces are found to have an unusually strong
dependence on plane-wave cutoff, as can be seen in Fig. 2.
At 5 Ry the 7-bonded chain surface’? is significantly
lower in energy than the 2X2 adatom-covered surface,
consistent with the results of Northrup.!! If this were the
case, it would be hard to understand why the 7X7 DAS
surface should be lower in energy than the 2 X 1 7-bonded
chain surface, since the former is only expected to be
slightly more stable than the 2X2 adatom surfaces.!’
Fortunately, this is no longer the case at higher plane-
wave cutoff. The energies of adatom-covered surfaces
change significantly because the adatom cell contains a
fivefold-coordinated site, with a complex bonding topolo-
gy. Evidently, higher-energy plane waves are needed to
correctly .describe the electronic states of the adatom
unit, which presumably involve significant d character.?
On the other hand, the energies of the 1 X1 and 2 X1 sur-
faces remain relatively constant since the bonding on
these surfaces is relatively simple. Note that the results
at high plane-wave cutoff unambiguously identify the
top-site 2 X2 adatom surface as being significantly lower
in energy than V'3 X V3 or hollow-site competitors.

V. STRESSES

For each surface, we have also calculated the intrinsic
surface stress, defined as

surf_ L dEsurf

1y A deij ’ . (51)

where E*" is the surface energy per unit cell, €; is the
surface strain tensor, and A4 is the equilibrium surface
cell area. For an arbitrary surface, the only requirement
on o; is that it be symmetric. But, each of the surfaces
we have considered is highly symmetric, containing a
threefold-symmetry axis. This restricts the form of the
surface stress tensor; it must be proportional to the iden-
tity matrix. The diagonal components of this matrix are
presented in Table II. The results for Si and Ge are qual-
itatively similar. For both elements, the 1X 1 ideal sur-
face is under a small compressive stress (negative stress).
When adatoms are introduced onto the surface, a rela-
tively large tensile stress is induced. Finally, for both
1X1 and adatom-covered surfaces the presence of a
stacking fault adds a small tensile stress.

We suggest the following interpretation of these re-
sults. The compressive stress in the 1X1 surfaces in in-
troduced because the topmost atom has only one electron
in its dangling bond. This atom could lower its energy by
hybridizing with some sp? character, but cannot flatten
because the perpendicular lattice constant is fixed. It
does lie somewhat flatter than in the bulk, having a bond
angle of 114° and bond lengths of 2.29 A. The small ten-
sile stress associated with the stacking fault may be un-
derstood by looking down the axis formed by atoms 6
and 10. In the ideal surface, the bond between atoms 6
and 3 and the bond between atoms 10 and 15 are stag-
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gered. In the faulted surface these bonds are eclipsed,
and this introduces a repulsive interaction due to the
Pauli exclusion principle.3* Hence, the topmost atom
rises up (in the Z direction), with angles of 112°, introduc-
ing a tensile stress.

Finally, the tensile stress of the adatom-covered sur-
faces is associated with the unnatural bonding topology
of the adatom cell. The adatom and the second-layer
atom beneath it (atom 6) are pushed apart, either by the
Coulomb repulsion or by the energy gained from reliev-
ing the unnatural bond angle on the first-layer atoms. Al-
though these atoms repel, they try to maintain their natu-
ral bond lengths with the atoms in the first layer. This
causes a tensile stress and pulls the first-layer atoms
closer together.

As with the energies, we have calculated the surface
stresses at several plane-wave cutoffs. At a cutoff energy
of 5 Ry, the stress of the 2 X2 unfaulted adatom-covered
Si(111) surface was. 1.52 eV/(1 X1 cell), slightly less than
the stress calculated at a cutoff of 8 Ry. As in our discus-
sion of energies, we expect that stress of the adatom-
covered surfaces will be more sensitive to energy cutoff
than surfaces with simpler bonding topologies. We also
expect that the stress will vary less dramatically above 8
Ry than in the region up to 8 Ry.

VI. BAND STRUCTURE

The band structure of 2 X2 adatom-covered Si was cal-
culated along several symmetry directions, as shown in
Fig. 3. This band structure includes several surface
states. These states, whose energy lies in the gap, decay
exponentially into the bulk. The top two surface bands,
S, and §,, are plotted against the projected band struc-
ture of the bulk calculations. As in many local-density-
approximation (LDA) band structures, the bulk band gap
is smaller than the experimental value, and we have not
taken steps to correct this problem.> The energies of the
different calculations were aligned by matching the po-
tential in the bulk to the potential at the center of the
slab. Also shown in Fig. 3 is the experimental surface
band structure as determined by angle-resolved photo-
emission spectroscopy.”> We have aligned the experimen-
tal band structure by requiring that the measured and
calculated S, bands coincide. (It should be noted, how-
ever, that with this alignment, the valence-band max-
imum falls 0.35 eV lower than was indirectly inferred in
Ref. 23.) Surprisingly, the theoretical separation between
the two LDA surface bands is in good agreement with
the experimental separation.

Of the two surface bands in Fig. 3, the lower band
(S,), which is fully occupied, has most of its character
atop the rest atom (see Fig. 4). The upper band (S,),
which is unoccupied, has some of its character on the top
of the adatom, and some in and below the adatom cell.
This indicates that there is a charge transfer in the unit
cell, from the adatom to the rest atom. There are two ad-
ditional surface bands we have not shown in Fig. 4. They
lie in the region —0.2 to —0.5 eV. (All energies are re-
ferred to the top of the valence band.) These two bands,
which are nearly degenerate, are the backbonds from the
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FIG. 3. The surface band structure of 2 X2-adatom-covered
Si(111) plotted in the 2X2 irreducible Brillouin zone. The
curves S| and S, are the calculated dangling-bond bands whose
charge densities are shown in Fig. 4. The shaded area is the
bulk band structure projected onto the IBZ of the 2 X2 surface
cell. Dots represent the experimental angle-resolved photoemis-
sion spectroscopy data for the 7X 7-Si(111) surface. The experi-
mental points were aligned by requiring that the measured and
calculated S, bands coincide.

adatom to the first-layer atoms.!>?3

The charge density of these surface states, averaged
over the IBZ, are shown in Fig. 4. The charge density of
S, indicates that this is an sp°-like band localized on the
rest atom, with some small character on atoms in the
second bilayer. The charge density of 4(b), however, indi-
cates that the adatom states are not conventional dan-
gling bonds. These states have significant character on
the fivefold-coordinated atom (atom 6) and may be re-
garded as a band of floating bonds.3® We have also gen-
erated charge-density plots (not shown) of the S| and S,
bands of 2X2 adatom-covered Si(111) with the adatoms
in the hollow site. As before, the S, band is a simple sp3
hybrid band localized atop the rest atom. But now, be-
cause of the absence of the fivefold-coordinated site, the
S| band has a more conventional dangling-bond charac-
ter; it is localized primarily above the adatom, with some
character below the adatom and very little character else-
where.

The band structure has been calculated for both the
faulted and unfaulted surfaces, and the top two surface
states are shown in Fig. 5. As before, we align band
structures from different calculations by matching the po-
tentials at the center of the slabs. However, because of
the finite thickness of the slab and the deep relaxations of
the adatom cell, the potential in the middle of the slab
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(c)

FIG. 4. Contour plots of the charge density of 2 X2-adatom-
covered Si(111). The figures show a cross section of the charge
density on a plane passing through both the adatom and the rest
atom. (a) is the total charge density. (b) and (c) show the aver-
age charge density of all states in bands S, and S, respectively.
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FIG. 5. The dangling bond bands of faulted and unfaulted
2 X2-adatom-covered Si(111). The solid (dashed) bands corre-
spond to the unfaulted (faulted) surface. The error bars result
from ambiguities in aligning bands from different calculations.

differs slightly at inequivalent sites. For this reason, we
have also employed an alternate method of aligning the
bands, by aligning the bottom of the valence band (in
which the states are primarily bulklike). The uncertain-
ties in aligning bands from different calculations has been
incorporated into the error bars in Fig. 4.

Although the results are somewhat ambiguous, it ap-
pears that the surface-state energies on the faulted sur-
face are lower than on the unfaulted surface. If this is the
case, then we expect a charge transfer on the 7 X7 surface
from the unfaulted to the faulted islands. This may ex-
plain the asymmetry between these islands seen in the
low-bias-voltage STM images of the 7 X 7 surface in Refs.
3 and 5. It may also play some role in the asymmetric
deposition of silver’” and ammonia3® on the 7X 7 surface.

VII. ADATOM VIBRATIONS

We have also investigated the vibrational properties of
the adatom unit. EELS experiments of Daum et al.3° on
the Si(111)-7 X7 surface indicate a prominent loss feature
at 570 cm ™! (above the top of the bulk-phonon continu-
um), and indications of a broader, weaker feature near
240 cm™!. On the basis of cluster calculations, in which
only two structural degrees of freedom were included,
these features were assigned>® to modes involving vertical
motions of the adatom and its neighbor underneath
(atoms 1 and 6 of Fig. 1), with out-of-phase and in-phase
combinations giving rise to the high- and low-frequency
modes, respectively. These assignments were subsequent-
ly supported and refined by calculations of the phonon
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spectra for the full 7X7 surface using empirical poten-
tials by Li et al.** These workers identified the same two
prominent modes, but the high-frequency mode was
found to have a significant weight on the third-layer atom
beneath the adatom (our atom 10).

We have carried out LDA calculations of the adatom
phonon modes on the unfaulted Si 2 X2-adatom surface,
making neither cluster nor empirical approximations.
Because the EELS experiments are indicative of fully
symmetric vibrations,> we have considered only distor-
tions of our 42-atom unit cell that preserve all sym-
metries (including inversion through the center of the
slab), and we restrict ourselves to phonons at the origin of
the surface Brillouin zone (corresponding to displace-
ments which preserve the 2X2 surface cell). This re-
stricts us to 16 vibrational degrees of freedom or ‘“basis
modes,” six of which correspond to vertical motions of
atoms lying on threefold-symmetry axes, and 10 of which
correspond to coherent vertical or breathing motions of
triplets of atoms related to one another by threefold rota-
tions.

We have calculated the full 16X 16 dynamical matrix
describing these symmetric vibrational degrees of free-
dom. Each column of the dynamical matrix was deter-
mined by calculating the forces on all the atoms for dis-
placements of 0.04 A of the corresponding basis-mode
coordinate, and then projecting the forces onto each of
the basis modes to obtain the appropriate elements of the
dynamical matrix. (Actually, differences were obtained
using displacements of +0.04 A in order to eliminate er-
rors due to cubic anharmonic terms in the c¢rystal ener-
gy.) The matrix was then diagonalized, yielding the
eigenvectors and eigenvalues for the 16 symmetric nor-
mal modes of the system.

Of these, only two were found to be strongly localized
near the surface (having 75% of their character in the top
double layer plus adatom). These have frequencies of 267
and 532 cm ™! and eigenvectors illustrated in Figs. 6(a)
and 6(b), and thus we identify them with the broad low-
frequency and sharp high-frequency features in the EELS
spectrum respectively.”® The nature of these normal
modes is qualitatively similar to the results based on two
degrees of freedom reported by Daum et al.,*® and in
close agreement with the results of Li et al.** Like the
latter, we find that the low-frequency mode involves sub-
stantial motion of atoms 3 and 10, while the high-
frequency mode has a larger amplitude on atom 10 than
on the adatom. The calculated frequency of the high-
frequency mode is 7% lower than experiment; most likely
the difference between the adatom environment on a
2 X 2-adatom surface (theory) and on the 7 X 7 surface (ex-
periment), particularly the larger stress expected for the
latter case,!® is responsible for this discrepancy.

ROBERT D. MEADE AND DAVID VANDERBILT
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FIG. 6. Phonon-normal-mode displacements for the sym-
metric adatom vibrations at (a) 267 cm™! and (b) 532 cm ™. The
orientation of the figure is identical to that of Fig. 4.

We also find that the high-frequency mode is more
highly localized than the low-frequency feature in the la-
teral as well as vertical directions, having less than 1% of
its character on atoms other than those shown in Fig.
6(b) and their symmetry-related partners. Thus we ex-
pect this state to have very little dispersion in the surface
Brillouin zone compared to the low-frequency mode.
This is in qualitative agreement with the widths of the
features observed experimentally.

VIII. SUMMARY

We have performed ab initio calculations of several
2X?2 adatom-covered surfaces. We have calculated re-
laxed geometries, surface energies and stresses, surface
band structures, and surface-phonon frequencies. The
Si(111) 2X2-adatom positions agree well with the surface
x-ray studies by Robinson et al.’! We found that the sur-
face stress was tensile, which is inconsistent with the
stress-relief model of DAS formation. The calculated
surface band structure was found to agree well with the
experimental measurements of Uhrberg et ¢l.?* Finally,
the frequencies and mode eigenvectors of symmetric
surface-phonon modes were determined, and found to be
consistent with EELS measurements of Daum et al.*°
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