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Energy and vibrational spectrum of the Si(111)(7 X 7) surface from empirical potentials
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The stability and vibrational properties of the Si(111) (7X7) [Takayanagi, or dimer-adatom-
stacking-fault structure (DAS}] surface are investigated using the Stillinger-Weber and modified
Tersoff interatomic potentials for silicon. The diamond-cubic bulk and surface-terminated bulk and
(&3X &3) structures are treated for comparison. The modified Tersoff potential underestimates the
bulk transverse-acoustic branch frequencies while the Stillinger-Weber does the opposite. Both po-
tentials produce z expansions away from the idealized (constant-bond-length) structures. The
Stillinger-Weber potential produces surface energies in the following order: terminated bulk
~(&3X&3)&(7X7) DAS, whereas the modified Tersoff potential reverses this order in accord
with local-density-functional calculations and experiment. The two potentials produce surprisingly
similar features in the local densities of vibrational states on surface atoms. In the case of adatoms,
a high-frequency state split off from the bulk continuum and a mid-frequency state are observed.
The high-frequency state has significant weight in the z direction on the adatom, (x,y) weight (only)
on the three first-layer atoms to which the adatom is attached, and z weight again on the second-
and third-layer atoms directly beneath; the mid-frequency state corresponds to the z motion of the
adatom and the two atoms underneath in phase with each other, while out of phase with the three
first-layer atoms attached which symmetrically vibrate in the (x,y) plane as well. Atoms with dan-

gling bonds (first-layer atoms not directly attached to adatoms and atoms in the open site at the
corners of the unit cell) have small force constants in the z direction and their local spectra only ex-
hibit weight at low frequencies. The z-polarized adatom vibrations agree nicely with recent inelastic
electron-energy-loss spectra by Daum, Ibach, and Muller.

I. INTRODUCTION

The Si(111)surface has proved a rich subject for exper-
iment and theory. The early scanning-tunneling-
microscope (STM) experiments of Binnig et al. ' revealed
the presence of 12 adatoms per surface (7X7) unit cell.
This observation was put in context by Takayanagi et
al., who used transmission electron diffraction to derive
the dimer-adatom-stacking-fault (DAS} model for the po-
sitions of atoms in the (7X7) cell. This model was also
derived from the glancing-incidence x-ray-diffraction ex-
periments of Robinson et al. The recent STM work of
Hamers et al. and of Becker et al. further corroborated
the DAS structure.

That adatoms are an important feature in the (7X7)
unit cell was first proposed by Harrison. The adatoms
reduce the density of surface dangling bonds. Since then,
local-density-functional total-energy pseudopotential cal-
culations including atom-positional relaxation have been
performed on Al, In, Ge, and Si (Ref. 10) adatoms on
threefold hollow surface sites to determine whether the
adatoms prefer to "sit" above second-layer (T, or "top")
or fourth-layer (H, or "hollow" ) substrate atoms. These
calculations placed adatoms in a (+3X v'3) layer above a
truncated bulk and each showed the T site to be pre-
ferred. An earlier (2 X 2) adatom calculation had shown
the 0 site to be preferred, but full-geometry optimization

had not been performed on the T system. " Recently,
such optimization has been performed and the T site
found to be degenerate with the H. 'z These results are
significant since the local adatom environment of the
(7X7) DAS model is similar to the (2X2) and to the
(v'3 X V3) models. The consensus of opinion is that ada-
toms in the (7 X 7) structure adopt T-site positions. '3

The other features of the DAS model are the dimers
along the edges of the unit cell (see Fig. 1) and along the
line joining the wide-angle apexes of the unit cell. The
latter separate the stacking-faulted (left) triangle from the
unfaulted (right} triangle of the unit cell. This arrange-
ment produces 42 first-layer atoms, rather than the 49 of
the simple terminated bulk, which further reduces the
number of surface dangling bonds. Qian and Chadi'
studied the dimer and stacking-fault contributions to the
surface energy using the Keating model, ' a potential
devised to describe small distortions of covalent systems
away from tetr ahedrality. Together with results of
Nothrup's local-density-functional calculations for ada-
torn absorption energies, ' they were able to show that of
the sequence of generalized (5X5), (7X7), (9X9), and
(11X11) DAS models the (7X7) structure had the
lowest energy. In a later paper, Qian and Chadi' used an
appropriately parametrized tight-binding Hamiltonian
specific to the DAS model to relax the contents of the
unit cell. They were able to examine the (5X5} and
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(7 X 7) structures and again found the (7 X 7) more stable.
Vanderbilt' argued convincingly that the driving force
for the (7X7}DAS reconstruction is the domain walls

(dimer rows). He showed that the adatoms play only an
incidental role because the (7X7) DAS reconstruction is

energetically favorable even without them. He studied
the stresses on various Si(111}surfaces and ruled out the
relief of compressive stress as the driving force. He was
able to show that the Si(111)surface has the (7 X 7) DAS
structure, whereas the Ge(111) surface has the c(2X8)
structure, and to explain the trend c(2X8)~(7X7)
DAS~(5 X 5) DAS with compression of the surface lay-
er.

Recently, several interatomic potentials have been pro-
posed' which attempt to describe the energy hyper-
surface of ensembles of silicon atoms. The Stillinger-
Weber, ' Tersoff I, ' Tersoff II, ' and Brenner and Gar-
rison' potentials all successfully give dimerization of the
Si(100) surface. The Pearson-Takai-Halicioglu-Tiller po-
tential has been used to describe the unreconstructed
and (2X1) reconstructed Si(ill) surface. In this paper

we examine the ability of the Stillinger-Weber' and Ter-
soff II (Ref. 18) potentials to describe the (7 X 7) structure
of the Si(111)surface. This is perhaps the severest test to
which these potentials can be put. Specifically, we calcu-
late surface coordinates and energies for various relaxed
structures, and also local vibrational densities of states
(LDOS's),

F(l,a,co)= g ~
e;(l, a)

~

5(cu —co;),

where e;(l, a) is the a component of the polarization vec-
tor of the ith mode (of frequency co; ) on atom l. We ex-
amine F(l,a, co) for several types of surface atoms. Both
potentials yield a high-frequency split-off mode and a
mid-frequency mode of z polarization on the adatoms,
agreeing nicely with recent electron-energy-loss spectra
(EELS) of Daum et al.

In the following section we describe the Stillinger-
Weber and Tersoff II potentials. In Sec. III we describe
the energies and atomic arrangements of the relaxed
(&3X&3) and (7X7} structures, while in Sec. IV we

present the vibrational densities of states for both the
bulk diamond-cubic and the (7 X 7) surface structures. In
Sec. V we present our conclusions.

II. POTENTIALS

The Stillinger-Weber (SW) potential' was designed to
describe bulk crystal and liquid phases of silicon. It gives
the correct melting temperature and produces a liquid
structure factor similar to experiment. There is no con-
sensus as to whether it can describe the amorphous
phase; our work suggests that it cannot. The SW
potentia1 is of short-ranged three-body form, the exact
many-body expansion for the total energy of the system
being truncated after the three-body term. In contrast,
the Tersoff I (Ref. 17) and II (Ref. 18) potentials do not
rely upon this expansion and are, in fact, X-body, but
short-ranged, potentials. Tersoff chose to generalize the
simple pairwise Morse potential in such a way that in-

teraction between pairs is environment dependent. The
parameters of his model are fitted to bulk diamond-cubic,
simple-cubic, and face-centered-cubic properties, and also
to the cohesive energy of the Si dimer. The potentials
give cohesive energies and lattice parameters for the P-tin
structure of Si in close agreement with the ab initio calcu-
lations of Yin and Cohen. The Tersoff I potential pre-
dicts the T-site adatom in the (&3XU'3} structure of
Si(111) to be more stable than the H-site one, in accord
with Northrup's ab initio results. Further, the DAS mod-
el of the (7 X 7) reconstruction is found to be lower in en-

ergy than rival structures. However, we use the modified
Tersoff II potential with somewhat different properties,
which will be described below.

The SW potential represents the total potential energy
(PE), V„, of the system as a sum over all pairs of atoms
of two- and three-body terms:

V„,=—,
' g f, (r j)[A exp( A. , r,&) B;j.e—xp(—A,2r;&)], —

l,J

(3)

where f, is a cutoff function to restrict the range of in-

teraction. A crucial point is that B,J depends on the local
environment of the ij bond. Tersoff's original paper'
(Tersoff I) gave an analytic expression for B and it was
this potential which did well in describing P-tin Si and
the (&3X&3) structures of Si(111). However, it has
since been shown that this representation of the poten-
tial energy gave the wrong ground state (i.e., not diamond
cubic) for the bulk, and we therefore chose to use the
more recent parametrization' (Tersoff II), which uses a
different functional form for B;:

[1+b(Z }n]—1/2n

Z'j g fp(rjQ )g(8jck )exp I [—&3(r(k rj )]
k (&i,j)

(5)

where

C
2

C
2

g(8) =1+
d d +(cos8+h)2 '

V,o, = A g (Br, ~ —r, )txep[(r, j—ao) ']
l,J

(i& j)

+A, g exp[y(r, "—ao)
l,J, k

(i)j)k)
+y(r;k —ao) '](cos8,;k + —,

' )' . (2)

The first term vanishes if the distance between i and j
(r;j) is greater than ao. The second term vanishes if ei-
ther r; or r;k is greater than ao. The cosine term (where
8 represents the angle at the apex of the triplet) goes to
zero at the tetrahedral angle.

Tersoff writes the total PE as the sum over all pairs of
the Morse-like interaction:
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TABLE I. Parameter values for the Tersoff II potential [Eqs.
(3)—(7)]

TABLE II. Surface energies [eV/(10 A)] of different Si sur-
faces.

R =3.0 A

D=0.2 A

Bo——95.3727

A =3264.65

3.239 40

A,q
——1.325 83

b =1.40949X10-"
n =22.9559

c =4.838 10

d =2.04167
h =8.80498X10
A.3 ——1.325 83

Si(111)
terminated bulk
(&3X&3)H
(&3X&3) T
(7X7) DAS

Si(100)
terminated bulk
p(2X1)
c(2X2)

SW
potential

8.49
11.24
13.35
12.48

14.71
9.00
9.47

Tersoff II
potential

5.50
4.42
4.70
4.27

1, r(R —D

1f (r)=
C

m(r —R )
1 —sin

2D ,R —D &r ~R+D

0, r&R+D .
(7)

III. SURFACE STRUCTURAL ENERGIES

We employed a steepest-descent method to relax the
surface structures, which were represented as slabs with
periodic boundary conditions (nearest-image convention)
in the (x,y) plane. The (111) DAS systems comprise 12

The values of the parameters in Eqs. (3}-(7}are given in

Table I. The potential now does have the correct zero-
pressure ground state for bulk silicon. The SW potential
is actually of slightly larger range than the Tersoff II po-
tential.

adatoms, a 42-atom first layer, a 48-atom second layer,
and one-and-a-half 98-atom double layers: the whole of
this is duplicated in the other half of the slab in such a
manner that the system possesses a center of inversion.
A top view is shown in Fig. 1. The adatoms and first two
double layers were allowed to dynamically relax in the
field of static "bulk" double layers. The (x,y) box-size
dimension was obtained from the T=0 minimum-
potential-energy bulk lattice parameter of each potential.
(The TersofF potential gives the same nearest-neighbor
distance, 2.352 A, as experiment at room temperature,
and the SW potential gives 2.350 A. )

In Table II we present our relaxed surface energies.
The SW potential completely reverses the order of stabili-
ty from that expected from Northrup's ab initio calcula-
tions' and experiment. The Tersoft' II potential has the
(7X7) structure more stable than either the terminated
bulk or the (v 3X&3) structures. Both the Tersoff II
and SW potentials predict the (v 3Xv 3) H structure to
be more stable than the T structure, in contradiction with
Northrup's results. Clearly, the SW potential is quite un-
realistic, and the Tersoff potential is more nearly reason-
able for the (111}surface. However, on the Si(100}sur-
face the SW potential does produce a more stable dimer
reconstruction than the simple terminated bulk, as found
also by Weber and others. '

In Table III we give the relaxed z positions of the top
few layers of the (&3X&3) reconstructions. Figure 2
shows the surface computational cells and the atom-

3a

FIG. 1. Top view of the Takayanagi, or DAS, model of the
Si(111) (7X7) surface (taken from Ref. 13). The numbers
denote atoms whose local vibrations are shown in Figs. 7-12.
Atom number 4 is beneath the adatom denoted by 3 and atom 6
is beneath atom 4. (Adatoms are shaded; deeper atoms are solid
dots. )

(b)

FIG. 2. The (&3X&3) "top" (T) and "hollow" (H) struc-
tures are shown in (a) and (b), respectively.
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TABLE III. z shifts in A from ideal (constant-bond-length)

( v 3 X &3 ) surface.

Atom

(&3x~3) H
1

2
3

(~3X&3) &
1

2
3a
3b

Northrup

0.47
—0.14
—0.08

0.53
—0.08
—0.39

0.09

SW
potential

0.82
0.10
0.00

1.13
0.15

—0.33
0.19

Tersoff II
potential

0.50
0.11

—0.01

0.53
0.13

—0.30
0.13

numbering scheme (due to Northrup' }. The SW poten-
tial produces much greater relaxation than does the Ter-
soff II potential. Both produce a buckling in the second
layer for the T structure such that the atom directly
below the adatom goes down while the others move up.
Northrup's results also bear this out. As we shall see
later, such buckling is not observed in either our DAS
structures or in those due to Qian and Chadi. ' When
taken in conjunction with Table IV (which shows the
nearest-neighbor separations), we note that the Tersoff II
potential produces interatomic distances more in accord
with those of Northrup.

Compare now Tables III and IV with Tables V and VI,
which show the relaxed z displacements and bond lengths
of atoms in the top few layers of the (7X7}DAS model.
Again, we note that the SW potential produces very large
z shifts for the adatoms, whereas the Tersoff II potential
is similar to that of Qian and Chadi. In fact, the magni-
tude of these shifts and the adatom-to-substrate bond
lengths in the calculations of Qian and Chadi are very
similar to those predicted from Northrup's (&3X&3)
T-site ab initio results. ' [In each triplet of results in
Table VI, the first two rows correspond to the 1-2 dis-
tances of the (&3X~3) T-site structure. The third row
corresponds to the I-3a distance. ]

In Table V the signs of the z shifts of the three different
calculations do not correlate in the first layer but do in
the second. The positions of the atoms on the faulted
side are almost identical with the equivalent ones on the
unfaulted side of the unit cell in the Tersoff II and SW
structures. This is less true in the tight-binding calcula-

Atom

1 (3)
2
3
4

5 (5)
6
7 (2)
8

9
10
11
12
13
14

15 (4)
16
17
18
19
20
21
22
23
24
25

Qian-Chadi

0.50
0.42
0.41
0.44

—0.05
—0.03

0.29
—0.13
—0.08
—0.09
—0.10

0.30
—0.06
—0.09

—0.42
—0.07
—0.08

0.04
0.05

—0.47
—0.07
—0.47

0.06
0.06

—0.45

SW
potential

1.13
1.12
1.12
1.12

0.13
0.19
0.06
0.16
0.14
0.14
0.16
0.06
0.18
0.12

—0.32
0.05
0.04
0.17
0.16

—0.32
0.02

—0.32
0.16
0.17

—0.34

Tersoff II
potential

0.51
0.52
0.52
0.50

—0.05
0.16

—0.15
0.19
0.08
0.08
0.18

—0.16
0.16

—0.06

—0.30
0.05
0.03
0.11
0.12

—0.29
0.03

—0.30
0.12
0.12

—0.31

tions. However, Table VI shows that the interatomic dis-
tances between an adatom and its nearest neighbors in
the tight-binding calculations are remarkably constant
over the unit cell. The Tersoff II interatomic distances
are a little smaller and more variable than the tight-
binding calculations, whereas the SW distances are all
uniformly larger than those of Qian and Chadi.

TABLE VI. Nearest-neighbor distances in A of relaxed DAS
model (numbering system of Ref. 13).

Atom
pair Qian-Chadi

SW
potential

Tersoff II
potential

TABLE V. z shifts in A from ideal (constant-bond-length)

DAS model. Column 1 is the numbering system of Ref. 13,
while numbers in parentheses refer to the numbering system of
Fig. 1.

0

TABLE IV. Nearest-neighbor distances in A of relaxed

(&3)(&3) system.

1-5
1-6
1-15

2.48
2.48
2.48

2.67
2.73
3.02

2.39
2.42
2.38

Atom
pair

(~3x&3) H
1-2
1-3

(&3X&3) T
1-2

1-3a

Northrup

2.55
3.05

2.49
2.49

SW
potential

2.58
3.31

2.73
3.03

Tersoff II
potential

2.40
3.09

2.42
2.39

2-8
2-9
2-20

3-11
3-10
3-22

4-14
4-13
4-25

2.48
2.48
2.46

2.48
2.47
2.46

2.47
2.48
2.46

2.77
2.72
3.01

2.77
2.71
3.01

2.67
2.73
3.02

2.44
2.41
2.39

2.44
2.41
2.39

2.39
2.42
2.38
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IV. VIBRATIONAL PROPERTIES

A. Bulk modes

Broughton and Li evaluated the phase diagram of
SW silicon by following crystal-vapor coexistence and
equating the chemical potentials of the crystal and liquid
phases. One of their reference states was the harmonic
T=0 crystal. In Figs. 3 and 4 we reproduce their disper-
sion curves and density of states (DOS). Second deriva-
tives of the potential energy required for the dynamical
matrix were obtained analytically. The density chosen
for the calculation was that which gives minimum energy
at T=0, i.e., a number density of 4.994)& 10
atomscm . Note that the spectrum extends to higher
frequency than experiment and that the transverse-
acoustic branch near the Brillouin-zone boundaries is ob-
tained with less accuracy than the longitudinal branch.
The DOS structure agrees reasonably well with results of
calculations fitted to experiment. Also shown in Fig. 4
is a histogram DOS derived from the present calculation
for the (7)&7) structure. This represents the LDOS on an
atom near the rniddle of our 498-atom computational
slab, i.e., derived from Eq. (l} by summing a over x, y,
and z. In the histogram calculation, the wave vector (Q}
parallel to the slab is a well-defined quantum number, but
we use only the Q=O eigenvalues. The (7&(7) cell is
sufFiciently large that little new information would
emerge from a calculation which summed over Q.
Translational symmetry has little effect except to allow
low-energy electron-diffraction (LEED} patterns to be
measured. The close correspondence between the (7X7)
histogram and the bulk tetrahedral calculations confirms
this observation and justifies our use of Q=O eigenstates
only in subsequent calculations.

The bulk spectra of the Tersoff II potential were ob-
tained in a slightly different manner. Second derivatives
of the potential with respect to displacement were ob-
tained by numerically differentiating the analytically ob-
tained first derivatives. (Second derivatives of the Tersoff
II potential are not easy to handle analytically. ) Figures
5 and 6 present the dispersion curves and bulk DOS of

O

L
O

O

C

0)
Cl

I I I

20 50 40 50
Frequency (meV)

60 70 80

18

16-

14-
N

12-
0

10-

0 8
tD

6-
0)

4-

2-

0'.r XXKX I'AL
Reduced Wave Vector

FIG. 5. Same as Fig. 3, for the Tersoff II potential.

FIG. 4. Bulk-Si-phonon density of states vs frequency from

the SW potential. The solid line is a tetrahedron calculation

and the histogram is an interior-atom LDOS from a (7X7) slab
calculation.

18

16.
I

14-
N

12-
O

10.

h
O

i
O

0 8.c
0)

6-
0)

4-

2-

0:.
r' X X K X

Reduced Wove Vector

0 10 20 50 40 50
Fequency ( me V )

60 70 80

FIG. 3. Bulk-Si-phonon dispersion curves from the S% po-
tential compared with experiment. FIG. 6. Same as Fig. 4, for the Tersoff II potential.
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the Tersoff II potential. Again, the width of the spec-
trum is larger than experiment. The fit to experiment of
the dispersion curve is, in general, poorer than that of the
SW potential. Further, the transverse-acoustic —mode
frequencies are now underestimated in contrast to the sit-
uation found for the SW potential. The broad, flat
transverse-acoustic branch produces a much sharper
feature in the low-frequency region of the density of
states than is found experimentally. Thus, it seems that
although the Tersoff II potential seems to give more reli-
able silicon structures when compared with first-
principles theories, its frequencies are in poorer accord
with experiment than the SW potential. The interior
atom (7 X 7}Q =0 histogram is also shown in Fig. 6, and
agrees nicely with the bulk results.

B. Surface modes

For the purposes of discussing LDOS on atoms in the
surface region, we can distinguish eight categories of
atoms: (1) adatoms, (2) first-layer atoms directly attached
to adatoms, (3} first-layer atoms not attached. (4)
second-layer atoms directly below adatoms, (5} second-
layer atoms not below, (6) second-layer dimers, (7) third-
layer atoms directly below adatoms, and (8) "bulk"
atoms.

The most immediate generalization to be made is that
atoms which would be equivalent across the unit cell if it
were not for the fact that one side is faulted and the other
not do have almost identical LDOS's. Thus (for exam-
ple), of the four symmetrically inequivalent adatoms in
the (7&&7) DAS cell, although all four exhibit very simi-

lar spectral features, those which map into each other by
the (inexact) reflection across the dimer chains are much
more nearly identical than are spectra of inequivalent
adatoms on the same triangular patch.

"Bulk" atoms are, for our purposes, those which lie
deeper than second layer, except the third-layer atoms
directly below adatoms. The atoms here have LDOS's
extremely close to the bulk, as shown in Figs. 4 and 6.
Further, for both the SW and Tersoff II potentials, atoms
in the second layer not directly below adatoms and even
the dimer atoms which "stitch" the faulted and unfaulted
regions together have LDOS's which are very similar to
those of the bulk. There is but one exception here, the
LDOS of atom 1 (see Fig. 1), which lies in the third layer
in the open site at the corners of the DAS unit cell and
has a dangling bond. The LDOS of atom 1 is shown in
Fig. 7. Both potentials give extremely similar spectra and
show the z component to be weighted to the low-
frequency end, just as atom 2 does.

Atom 2 is one of the first-layer atoms not directly at-
tached to adatoms and therefore has a dangling bond.
Figure 8 presents its spectra. The similarities of the SW
and Tersoff II results are again striking. In both cases,
the x and y components have narrow resonances near 66
meV, but with some broader weight near 15 meV. The z
component, by contrast, has all of its weight at low fre-
quencies. The only dissimilarities are those of frequency
scale and of mid-frequency (i.e., 25 —45 meV} intensity.
These dissimilarities are found also in the bulk DOS. The
high-frequency cutofF of the SW bulk system (Figs. 3 and
4} is higher than that of the Tersoff II system (Figs. 5 and
6). Employing the same sliding scale that brings bulk fre-

0.25"

0.20--

Atom 1

X+Y SW 0.12" Z SW

0.15 ~ ~ 0.08 "

0.10 ~ ~

0
0.05 "

0
0

0.25 - ~

0
0)
E

V)

0.20--
O
D 0.15--

20 40

X+X Tersoff

60

0 04"

I I

80 0 20

0.12-.

0.08--

60

Z Tersoff

80

0.10 -.

0.05--
0.04--

0 ~
0 20 40 60

0
80 0

Energy (meV}

20 40 60 80

FIG. 7. LDOS for atom 1 of Fig. 1, showing z-polarized and (x,y)-polarized vibrations calculated from SW and Tersoff II poten-
tials.



38 ENERGY AND VIBRATIONAL SPECTRUM OF THE Si(111)(7X7). . . 3337

0 4--

03-
Atom 2

X+Y SN
0.12--

Z S'thj

0.2--
0.08--

E
0.1--0

O

0—
0

O
0)
E
Vlg 04--
O
U)

Q) 0~3
O
Ci

0.2--

20 40

X+Y Tersof f

0 04--

60 80 0 20

0.12--
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0
0 20 40 60 8D 0

Energy (rneV}
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FIG. 8. Same as Fig. 7, but for atom 2 of Fig. 1 (a first-layer atom not attached to an adatom).

quencies for the two potentials into coincidence also
brings those on most of the near-surface atoms into coin-
cidence. Similarly, the mid-frequency-range DOS inten-
sity is higher for the SW than for the Tersoff II potential.
This effect spills over into most of the LDOS spectra of
near-surface atoms. (A notable exception to this is given
in the paragraph directly below. )

Lastly, we turn to the adatoms and the atoms to which
they are attached. A typical LDOS spectrum is shown in
Fig. 9 for the adatom labeled 3 in Fig. 1. Notice first the
similarities. The x and y components have significant
low-frequency weight. The z component shows a high-
frequency split-off state near 76 meV for both potentials.
Further, there is a mid-frequency —range state in the z
component which shows up for both potentials. The big
difference, however, is the complete absence of any cou-
pling in the x and y components to high- and mid-
frequency bulk modes for the SW potential. Our ex-
planation of this observation is that the z separation of
the adatoms in the relaxed DAS structure is so large that
coupling to atoms other than nearest neighbors is poor.
(See Tables V and VI.)

A representative example of the LDOS of a second-
layer atom directly beneath an adatom is given in Fig. 10
for atom 4. Here the overall similarity between the re-
sults of the two potentials is striking. The (x,y) com-
ponents show a significant intensity near 12 meV and a
doublet in the (45 —65)-meV range. The z component
essentially shows only one resonance at 76 meV.

A spectrum representative of the first-layer atoms
directly attached to adatoms (atom 5) is given in Fig. 11.
Again, the features in the spectra are very similar. The

high-frequency split-off state occurs only in the (x,y)
components.

Lastly, consider the third-layer atoms directly beneath
adatoms (atom 6). A representative spectrum is shown in
Fig. 12. The (x,y) spectra of both potentials look very
similar to their bulk spectra, implying that the influence
of surface on this layer is already little in the (x,y ) direc-
tion. However, the spectra show large effects of adatoms
in the z direction. The high-energy split-off and mid-
frequency structures are still there, as well as some
features of the bulk phonons.

The mean-square displacement (MSD) of atom I in the
polarization direction a can be calculated from our spec-
tra:

(u'. &= g 2M'; ~
e;(l, a)

~

z [2n(co;)+1], (8)

where n(co) is the Bose-Einstein distribution for phonons.
MSD's are related to Debye-Wailer factors and can be
measured by x-ray-diffraction experiments. Table VII
gives MSD's of the top few surface layers at 300 K com-
pared with the experimental results of Robinson et al.
For the adatoms both potentials agree with the experi-
mental observation of much larger MSD's on adatoms
than in the bulk. For the double layer beneath the ada-
torns, we find MSD's only moderately larger than in the
bulk, and marginally within the assigned experimental er-
ror. At room temperature the MSD's are dominated by
low-frequency modes. Figures 3 and S show that the
acoustic modes of the SW potential agree very well with
experiment, except at the Brillouin-zone boundaries,
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FIG. 9. Same as Fig. 7, but for atom 3 of Fig. 1 (an adatom).

whereas the Tersoff II potential significantly underesti-
mates them. Thus we expect that the SW potential gives
a good bulk MSD, but that the Tersoff II potential will

overestimate it by a large amount. This is exactly the
case compared with experiment.

Before leaving this section we note a pathology with
the Tersoff II potential. Examination of Eq. (4) and the
constants given in Table I shows that b is very small and
the exponent n is large. These two effects conspire to
make 8; vary rapidly over a narrow range of Z; values.
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FIG. 10. Same as Fig. 7, but for atom 4 of Fig. 1 (directly below an adatom).
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FIG. 11. Same as Fig. 7, but for atom 5 of Fig. 1 (a first-layer atom attached to an adatom).

The second derivative of 8; with respect to Z;, which
contributes to the values in the dynamical matrix, goes
through a dramatic minimum over a narrow Z; range.
If, in the energy- minimization process used to find a re-
laxed surface structure, a Z,~

value occurs in the relaxed

state corresponding to one of these pathological Z values,
then anomalously high frequencies may be observed after
diagonalization of the dynamical matrix. As pointed out
in the Introduction, the Tersoff potential employed here
is not the original one (Tersoff I), ' since the original has
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FIG. 12. Same as Fig. 7, but for atom 6 of Fig. 1 (a third-layer atom beneath an adatom).
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TABLE VII. Mean-square displacements, z'(u„'+u,'), in

10 ' A of the top few surface layers at 300 K, averaged over all
the atoms in the layer. The experimental results are from Ref.
33 and include the effects of static disorder.

Atom
layer

Adatoms
First layer
Second layer
Bulk

SW
potential

2.14
0.79
0.75
0.50

Tersoff II
potential

1.92
1.44
1.75
1.51

Expt.

1.9(8)'
1.9(8)
0.0(5)
057

'This number may be as large as 4 [I.K. Robinson (private com-
munication)].
bFrom Ref. 34.

an incorrect bulk ground state. Rather, Tersoff II is a
modification to circumvent the problem and it is this
which we use here. ' Tersoff's first suggestion had been
to set A.3 equal to k&. With these parameter values, the
minimization procedure results in an adatom
configuration in which Z,~

values arise with pathological
consequences for the second derivative of B,". The ada-
tom and those closely coupled to it have high-frequency
split-off states at greater than twice the bulk frequency
cutoff. This seemed unphysical. Tersoff's second sugges-
tion was to set A, 3 equal to A, 2. Relaxation now produces
almost identical energies and atomic positions to his first
choice, but now the pathological region of B; is avoided
and we obtain the results reported in this paper. Struc-
tures and low-order properties such as energy are insensi-
tive to the choice of A, 3, but higher-order properties may
be very sensitive if conditions conspire to produce unfor-
tunate Z; values. Empirical potentials fiexible enough to
interpolate between elements of a diverse data base and
immune to unphysical oscillations or kinks in between
are difficult to devise.

V. COMPARISON WITH EXPERIMENT
AND CONCLUSIONS

In spite of the fact that the SW and Tersoff II poten-
tials yield quite different energies and relaxed coordi-
nates, Figs. 7-12 show many similarities in their surface
vibrations. No doubt this derives partly from constraints
of symmetry and of the underlying bulk vibrations (which
are similar for the two potentials). Therefore we are en-
couraged to believe that surface vibrations common to
both models are robust and likely to be real. A recent
electron-energy-loss —spectroscopy experiment by Daum
et al. seems to confirm this very nicely. They observed
a sharp feature at 71 meV, above the top of the bulk-
phonon spectrum (65 meV) by 10%%uo. This corresponds
precisely to the sharp feature at 79 meV of the SW model
and at 75 meV of the Tersoff II model, =10% above the
top of the corresponding bulk spectra (73 and 69 meV, re-
spectively). The experimental line shape corresponded to
a totally symmetric vibration, and was attributed (by

means of an electronic-structure calculation for a cluster)
to a z-polarized adatom vibration, coupled out of phase
to z vibrations of the atom underneath, and to (x,y ) vi-
brations of the three nearest-neighbor atoms. This agrees
precisely with the spectra of Figs. 9—12, except that we
find a significant weight of this high-energy mode on the
third-layer atom beneath the adatom, which is not con-
sidered by the cluster calculations of Daum et al.
These atoms vibrate in phase with adatoms. The EELS
also show a broader feature in the range 25 —33 meV, at-
tributed also to totally symmetric vibrations. It is strik-
ing that the adatom (Fig. 9) z vibrations show a peak in
just this range (where bulk vibrations are fairly uncom-
mon) for both potentials (even though the nearby TA
phonons are described very differently by the two modes).
The eigenvectors of these localized modes consist of in-
phase z motions of the adatom and the two atoms under-
neath, and symmetric (x,y ) breathing of the three
nearest-neighbor atoms with a nearly equal amplitude of
z motion out of phase with the adatom. Thus our calcu-
lations provide a confirmation and an extension of the in-
terpretation of Daum et al.

A prediction not yet confirmed is that surface atoms
with dangling bonds (first-layer atoms not coupled to an
adatom and the atom at the corner, as in Figs. 7 and 8)
should show z vibrations of quite low energy (15—25 rneV
according to the SW potential and 10-20 meV according
to the Tersoff II potential, the differences presumably
reflecting the different treatment of TA bulk phonons).
This feature is readily understood. When these atoms vi-
brate in the z direction, no bond is stretched. The force
constant contributed completely from the bond bending
is, therefore, very small, which gives only low vibrational
frequencies. Both this feature and the adatoms vibrations
already seen by electron-energy-loss spectroscopy could
be looked for by inelastic-scanning-tunnelling micros-
copy, which is supposed to be sensitive to z-polarized vi-
brations.

Finally, we reiterate that the energies given in Table II
show that the SW potential is absolutely unreliable in
predicting the relative stability of possible (111) surface
structures, while the Tersoff II potential, although a great
improvement, still has the (&3X&3) H-site structure
relatively far too stable. It is remarkable that vibrational
properties are not more contaminated by these shortcom-
ings.
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