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Dispersion and dipole activity of surface phonons on Si(111)2 X 1
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Using an empirical tight-binding theory for structural energies we study vibrational cxcitations
on the m-bonded chain model of the Si(111}2g1 surface. %e calculate the phonon spectrum of
the surface and find a number of modes that have the form of elementary vibrational excitations of
the zigzag chains of surface atoms of the reconstructed surface. In the acoustic part of the spec-
trum a strong phonon-energy renormalization effect generated by electronic transitions causes an
unusual softening of the Rayleigh wave at the zone boundary; this result is consistent with recent
He-atom scattering experiments. %e also calculate the linearized response of the charge density
to lattice displacements, which we use to obtain the phonon-assisted contribution to the surface
conductivity. A longitudinal-optical phonon along the surface zigzag chains generates a very large
dynamic charge (-0.75e) and is assigned to the anomalously strong dipole-active surface phonon
that has been observed experimentally by high-resolution electron-energy-loss spectroscopy.

I. INTRODUCTION

In this paper we present results of theoretical studies
of the lattice dynamics of the Si(111) 2X1 surface, in-
cluding an expanded discussion of results we have previ-
ously reported in short communications. ' The Si(111)
2)&1 surface has been one of the most-studied semicon-
ductor surfaces, and is regarded today as one of the best
understood; it remains, however, the subject of intense
research. As a unified picture of the structure of the
surface has emerged, the focus of attention has shifted to
questions regarding excitations and dynamical proper-
ties. Our understanding of the reconstruction of the
Si(111) 2 X 1 surface is based on Pandey's m-bonded
chain model. According to this model the surface
reconstructs by forming strongly bonded zigzag chains
of surface atoms that run parallel to each other. The
period doubling of the reconstruction is along the ( 112)
direction, one of three equivalent directions of the bulk
terminated surface, and the surface chains run parallel
to (110) (see Fig. 1). Each surface atom has one dan-

gling bond, and the atoms along a surface chain are ine-
quivalent. The chains are tilted with one of the two sur-
face atoms in the unit cell farther from the surface than
the other, that is, there are up and down atoms; the up
atoms are uniquely determined by the subsurface. The
chain geometry of the reconstructed surface is difFerent
from the bulk terminated surface, as evidenced by the
appearance of 6ve- and sevenfold rings, compared with
the sixfold rings of crystalline bulk Si. Whereas atoms
along a surface chain are first nearest neighbors„and
indeed they are very strongly bonded, the separation be-
tween surface atoms on neighboring chains is large; the
quasi-one-dimensional character of these strongly bond-
ed surface zigzag chains determines many of the proper-
ties of the surface. Extensive theoretical ' and experi-
mental evidence supports the chain model as the correct
model for the reconstruction of the Si(111) 2X 1 surface.
Among the experimental results are direct measurements
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FIG. 1. (a} Top and (c) side view of the bulk-terminated
suI face; (b~ top and (d~ side view of thc K"bonded chain

model. Large circles represent surface atoms, and small circles
subsurface atoms.

of the surface structure using scanning tunneling micros-
copy' (STM) and medium-energy ion scattering
(MEIS), low-energy electron difFraction (LEED) experi-
ments, measurements of the dispersion of the surface
electron bands using angle-resolved photoemission spec-
troscopy ' (ARPES) (it was these measurements that
originally motivated Pandey to propose the chain model)

and inverse ARPES, "' electron energy-loss spectrosco-

py (EELS) of electronic' and vibrational properties, '

and optical measurements of the surface-state optical ab-

sorption.
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The two most important features of the chain recon-
struction are (1) the formation of the surface-chain
geometry itself, and (2) the strong interaction, mostly
through vr bonding, between the 6rst-nearest-neighbor
surface atoms along the surface zigzag chains. As a
consequence of these, the bonding along the surface
chains is very strong and the surface electrons then tend
to delocalize along the chains. On the other hand, the
chains are quite separated from each other. Thus the
surface electrons behave as nearly free electrons along
the chains, but have almost no interchain coupling.
These observations are confirmed by the dispersion of
the electronic surface bands, which show strong disper-
sion along the chain direction with a small gap at the
zone edge, and much weaker dispersion in the direction
across the chains (see Fig. 2). The delocalization of the
surface electrons along the chains reduces their kinetic
energy, stabilizing the chain reconstruction of the sur-
face.

The surface-chain geometry and the quasi-one-
dimensional behavior of the surface electrons suggest the
possibility for the appearance of interesting vibrational
excitations on this surface. We have calculated the pho-
ton spectrum of the surface and the dynamic charges
generated by these phonons, which we use to calculate
the phonon-assisted contribution to the surface conduc-
tivity. We And that the surface-phonon spectrum in-
cludes a number of modes that have the form of elemen-
tary vibrational excitations of the surface chains.
Among them there is a longitudinal-optical (LO) phonon
along the surface chains which generates an extremely
large dynamic charge and completely dominates the
phonon absorption spectrum of the surface. We assign
this mode to the anomalously strongly dipole active sur-
face phonon 6rst observed by Ibach in 1971 in EELS ex-
periments. ' The LO mode of the surface chains has the
novel property that the dynamical dipole it generates is
parallel to the surface, in apparent disagreement with
the dipole selection rule. ' However, this selection rule
is only valid for ideal metallic surfaces, and an experi-
mental test of our assignment, precisely taking advan-
tage of the surface-parallel orientation of this phonon,
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FIG. 2. Dispersion of electronic surface states and reso-
nances for the m-bonded chain model of Si(111) 2~1 along
symmetry directions on the surface Brillouin zone 4,'inset}. The
hatched area represents the projected bulk states. I ~J is
parallel to the chain direction, and J~E is perpendicular.

has been recently done in angle-dependent EELS experi-
ments. ' A second rather surprising result where
electron-phonon coupling also plays an important role is
found in the acoustic part of the phonon spectrum.
Here we find a nearly dispersionless Rayleigh mode with
frequency well below the bulk acoustic continuum,
which is surprising given that the bonding along the sur-
face chains is very strong. This feature in our calculated
phonon spectrum is consistent with recent measurements
of dispersion curves of surface phonons using He-atom
scattering by Harten, Toennies, and Woll (HTW). " We
understand this feature as a result of a strong phonon-
energy renormalization eftect due to virtual electronic
transitions from the backbond states to the empty sur-
face states, a subsurface mediated effect.

These two features just mentioned demonstrate how
the lattice dynamics of the Si(111)2)&1 surface is
di6'erent from the bulk, and the importance of explicitly
incorporating the electronic degrees of freedom in any
description of the vibrational properties of semiconduc-
tor surfaces. The theory we have developed to study vi-
brational excitations on Si surfaces is based on Chadi's'
empirical tight-binding theory for structural energies in
semiconductors. In this theory the total energy of the
system is expressed in terms of the electron band-
structure energy, which is calculated using a tight-
binding (TB) representation of the valence electrons, and
a short-range elastic energy which represents the ion-ion
interactions and corrects for the double counting of
electron-electron interactions in the band-structure ener-

gy, that is, this term represents the screened ion-ion in-
teractions. To this basic model we have added an on-site
electron-repulsion term in the form of a Hubbard-like
Hamiltonian. This represents an important improve-
ment in the theory, since non-negligible charge transfers
occur at surfaces. In addition to making geometries
with large charge transfers energetically unfavorable,
this repulsion term enters into the dynamical matrix by
screening charge fluctuations. For the TB Hamiltonian
we use an sp orbital representation with electronic hop-
ping amplitudes that scale as d with interatomic dis-
tance d, and couple first nearest neighbors only. For the
ion-ion elastic potential we also use a nearest-neighbor
interaction. This empirical theory provides us with a
simple, yet realistic description of structural energies for
Si; it allows us to calculate phonon dispersion relations
and the linear response of the system under structural
perturbations, while at the same time it incorporates the
electrons into the model and remains computationally
tractable. A similar approach to ours has been used by
Varma and %'eber to study phonon anomalies in transi-
tion metals, ' ' and by Lee and Joannopoulos to study
defects in SiC.

The structure of the rest of the paper is as follows. In
the next section we outline the theory and the formalism
to calculate phonons and dynamic charges; a detailed ex-
position has been presented elsewhere. In Sec. III we
discuss the equilibrium properties of the m.-bonded chain
model of the Si(111)2X1 surface. The dispersion of the
calculated surface phonons is presented in Sec. IV, and
their dipole activity, or the one-phonon absorption spec-
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trum of the surface, is discussed in Sec. V. %'e will com-
pare our results with those of the EELS experiments of
Ibach, and with the dispersion curves measured by
HTW; these are the only two existing experiments on
the vibrational spectroscopy of clean semiconductor sur-
faces (Ibach's results have been repeated by other
groups' ' ). In Sec. VI we summarize our results. Fi-
nally, in an appendix, we briefly consider the ~-bonded
molecular model, proposed by Chadi as an alternative
model for the reconstruction of the surface. Here we are
particularly interested in comparing the phonon excita-
tion spectra of the chain and molecular models, and on
whether the molecular model can explain the strong
dipole-active surface phonon. %e Gnd that the answer
to this question is no, only the chain model is consistent
with the observed dipole-active surface phonon.

HU —
—,'Ug(8, n;—) (2)

where the sum is over atomic sites and 6; is the number
operator:

tudes A;& j~ scale with interatomic distance following the
commonly used d rule:

i '.,'(d) =I;.,ado)(do «)' .

Since the hybridization of the sp orbitals determines the
directional character of covalent bonding, in our theory
the bond-bending forces are generated by the electron
band structure. The second term in Eq. (I) is an on-site
electron-repulsion term in the form of a Hubbard in-
teraction:

II. THEORY
8;= g a, ia, i .

A, =s,p
(3)

The general program that we follow consists of three
steps. (I) First, we construct an expression for the total
energy of the system and find the minimum-energy
configuration, or equilibrium structure. (2) Next, we
take the second derivatives of the total energy to calcu-
late the dynamical matrix, which we diagonalize to ob-
tain the normal modes of vibration. (3) Finally, we use
1inear response to calculate the charge fluctuations in-
duced by vibrational excitations, or dynamic charges;
these are then used to obtain the phonon-assisted contri-
bution to the surface conductivity. The formalism for
each one of these steps is outlined in the following sub-
sections; a detailed exposition appears in Ref. 23.

where the 6rst two terms are a TB representation of the
valence electrons, HU is an on-site electron repulsion
term, and V is an elastic potential between the ions. In
the TB Hamiltonian i labels ions, the sum (i,j ) is over
nearest-neighbor ions, and A, , )(,

' denote the TB orbitals.
%'e use a set of sp TB parameters obtained by 6tting
the electron bands of Si in the diamond structure; these
are listed in Table I. %e let the electron-hopping ampli-

TABLE I. Electronic F3 tight-binding parameters and elas-
tic Hamiltonian parameters for Si.

F —Ep s

~ssa
A rp ~

hppn

6.45 eV
—1.94 eV

1.75 eV
—1.08 eV

3.0S eV

—16.31 eV
49.26 eV

A. Total energy

%e define the following Hamiltonian to describe the
electron-ion system of a Si structure:

H=& g cia, ia, i+ & g i,.i. ji..a,'~.,a
i A, =s,p (i,j ) A., A.'=s,p

+HU+ V,

The ground-state expectation value of the number opera-
tor (8;) gives the total valence charge at the atom i;
(ll'0) =4 for the sp orbital basis we are using. HU
makes geometries with large charge transfers energeti-
cally unfavorable, and represents an important improve-
ment in the original theory, since charge transfers play
an important role in reconstructed surfaces. The repul-
sion constant U is 6xed by s surface property: we fit the
minimum direct gap of the electronic surface states, giv-
ing V=4 eV. Finally, we use an elastic nearest-neighbor
central potentia1 to model the screened' ' ion-ion po-
tential V:

V = g V,x; + V2x;
&i,j)

where x, =d; «0 —l, and d, and do are, respectively,
the bond length between the ions i,j and the equilibrium
value of the bond length in crystalline bulk. The elastic
constants are determined by crystalline bulk properties:
V, is chosen such that the linear term in the elastic po-
tential plus the band-structure energy equilibrate the
crystal at the experimental bond length (do=2.35 A),
and V2 is s free parameter that we use to fit the optical
phonon at I . These constants are also listed in Table I.

The expression for the total energy that we use as a
starting point in the formulation of dynamical properties
is written in terms of the electron band-structure energy
Ess:

Eiis =2 +f„(k)E„(k),

where E„(k) are single-particle electron energies, and
f„(k) are Fermi factors; the electron energies are solu-
tions to the one-electron equations

H„ [ @„(k))=E„(k)[P„(k)),
where H, &

is the Hartree Harniltonian derived from Eq.
(I):

H, i
= g g [ei+ U(h; n;

)]atria,

i—
I ~=s,p

+X X
&ij & A, ,k'=s, p
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%e treat the quadratic terms in the particle operators in

the mean-field approximation by replacing S,a, &a, & by

& &; )a, ia;i, thus if we de6ne U; as the mean-field on-site

interaction

U, =—U(&e, &
—n,'),

then the one-electron Hamiltonian which enters in Eq.
(5) can be written as

where x is an ionic coordinate. The second term in the
above equation is zero, since the number operator does
not depend explicitly on Ix ). We use a conjugate gra-
dient algorithm for the global search of the absolute
minimum of energy, and a more direct Newton's method
once the search is close to that minimum.

B. Phonons

H„= g g (ei+ U, )a, ia;i

+ g g "(i.,ii.'u()(ijv
(ij ) A, , A, '=s, p

(9)

The presence of U, in Eq. (9) implies that the one-
particle equations have to be solved self-consistently.
The total energy of the system is then

E...=E„y ,'U—(&e, &—n,')'+—V .

a'&8„&
D p(q)=

ax ' (q )ax &(q )

8 V+
ax ' (q)axti(q)

a'&a, )

ax,' (q)ax p(q)

Once the equilibrium configuration has been found we
proceed to calculate the dynamical matrix, given by the
second derivatives of the ground-state energy with
respect to the structural degrees of freedom:

E„, depends explicitly and implicitly on the ionic coor-
dinates. Starting at some given initial ionic
configuration, with the connectivity of the system
defined as an input into the problem, we find the equilib-
rium configuration by following the forces on the sys-
tem, which we calculate using the Hellmann-Feynman
theorem:

He& HU V

The derivatives are taken with respect to spatially modu-
lated displacements with wave vector q (this can be done
since the structures we are studying are periodic, and the
interactions in the model have finite range). We will
reserve k for the electron energies and eigenstates and q
for the phonons. The first term in Eq. (11) leads to two
terms, the first one being quadratic in the electron-
phonon coupling and the second one linear in the
electron-phonon coupling taken to second order in per-
turbation theory:

a'&0„) a'H„
=2+ f„(k) g„(k), f„(k)

ax'(q)axli(q) „i,
" " ax'(q)axe(q)

axn q

The last term in Eq. (11), the elastic contribution to D &(q), is straightforward to calculate

(12)

V,,'=V, —1 +V,
do do

(13a)

8 V;;

ax(~axj„

(&;, —5;;)
[&„,—(r;; )„(r;; ),] V)+ Vi —1

r«'do 0

—(r;; )„(r;; )„2Vz (13b)

Here a=(i,p) and P=(j,v) where p, v label Cartesian
coordinates. Both the first term in Eq. (12) and that in

Eq. (13) contain only short-range forces {the electronic
hopping amplitudes and the elastic potential couple only
nearest neighbors). On the other hand, the second term
in Eq. (12), which represents the electron polarization,
does generate long-range forces; it introduces lattice in-
teractions that are mediated by the exchange of
electron-hole pairs. If we denote the electron-phonon
matrix elements by g„.„.„„(q):

BII„
(l.'a, .a(q(=(rl„(t') 0„(k)l,ax q)

then the electron polarization contribution to D Ii(q)
can be written as

f„(k)—f„(k')
Dap (q) =2 g g ~ (k) g (ki )

gni(, n'i('

n, k n', k'

Xgn't' na(q) .

Finally, the repulsion HU enters into the expression for
D )i(q) by dynamically screening the charge fluctuations
in Dg(q). Note that the self-consistent electron states
that enter into the polarization sum are already statically



0. L. ALERHAND AND E. J. MELE 37

screened. The dynamic screening has the form

D Ii(q}=U5n' ' (q)[I—UX(q)] '5nIi '(q),

where 7 is the density-density correlation function

f„(k)—f„(k')
~q „~~. E„(k)—E„(k')

x (f„(k)
~
h;( —q)

~

P„(k') )

x (y„.(k )
~
~, (q}

~
y„(k)), (»)

and 5n& ' are the linearized density fluctuations in

response to the lattice fluctuation x&.

f„(k)—f„(k')
"I'" q = ~„~,E„(k)—E„.(k')

D p(q) =D p (q)+D~p'(q)+D p(q),

where the short-range terms are combined in D &(q),
and the last two terms, which represent the screened
electron polarizability, generate the long-range forces in
our theory. The eigenvalues of D &(q) are M~„(q),
where fico„(q) is the energy of the nth normal mode of
vibration and Q'"' is its displacement field.

C. Dynamic charges

The vibrations of the lattice can generate fluctuations
of the electron charge density; these vibrationally excited
charge fiuctuations are parametrized by the dynamic
charges of the system. %'e obtain dynamic charges in
our theory by calculating the linearized dynamic
response of the current density to a perturbation gen-
erated by a lattice fluctuation. This perturbation is

X (P„(k)
~
&;(q)

~

P„(k') } H'(r)=h (e' '+e ' '} (20)

x(g„.(k') 0„tk)) .

All these terms can be combined to express D,&(q) in

the following form:

wh-e i.=(aH/Bx )5x., and co is a phonon frequency.
%e are interested in the phonon dipole activity, so that
only optical transitions have to be considered and there-
fore the lattice perturbation h has no spatial modula-
tion (q=0}. The linearized response of the current den-
sity to this perturbation is~3

(J(t)) =2 g g [f„(k)—f„.(k)] [J(nk, n'k)h (n'k, nk)+J(n'k, nk)h (nk, n'k)]
n, n' k

+ 2 [J(nk, n'k)h (n'k, nk) —J(n'k, nk)h (nk, n'k)]
[E„(k)—E„(k)]

(21)

where J(nk, n'k) and Ii (nk, n'k) are the matrix ele-
ments of the current density operator and the perturba-
tion h

J(nk, n'k}=(y„(k)
~

J
~
q„(k)),

h (nk, n'k)=(P„(k)
i

h
i f„(k)} .

(22)

The dynamic charges Ie' I are defined by writing the os-
cillating current density in terms of a dipole moment:

(J(t) } =e x~~(t)=e'x ice(e' ' e' ') . — (23)

&( [J(nk, n 'k)Ii~(n 'k, n k)

Combining this de6nition and Eq. (22), we obtain an ex-
pression for e'.

f„(k)—f„(k)
[E„(k)—E„(k)]

J= — [r,H] . —l8

Notice that the first term in Eq. (21}, which is in phase
with the perturbing potential and out of phase with
x (t), does not contribute to e,' as written in Eq. (24).
Indeed the Brillouin-zone integration in Eq. (21), with
time reversal, yields this result. As long as the driving
frequency is slower than the fastest response of the sys-
tem, as it is since co~EG, this result ought to hold.
However, if higher-order terms in the co/[E„(k)
—E„(k')] expansion of the time-dependent perturbation
expression for ( J) are kept, a nonvanishing in-phase
contribution survives.

If the dynamic charges e' are projected onto the nor-
malized displacement field Q'"' of the nth phonon of the
system, we obtain the dynamic charge e„' associated with
that particular normal mode of vibration:

J(n'k, nk}—I(nik, n'k)] . (24)

In order to evaluate Eq. (24) we use the following identi-
ty for the current density operator:

The phonon-assisted contribution to the surface conduc-
tivity then follows:
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4n.o, (ni)
a(co) = (28)

where n is the electronic ir index of refraction and c is
the speed of light.

where the sum is over the q=O phonon modes, M is the
ionic mass (28 amu for Si), and A is the area of the sur-
face unit cell. The subscript 1 denotes, as usual, the real
part, and the superscript p denotes Cartesian coordinate.
o, (co) is the infrared (ir) one-phonon absorption spec-
trum of the surface, or phonon dipole activity. The ab-
solute one-phonon ir absorption coeScient a(co) is relat-
ed to o, (ni) by the following expression:

(the electron-phonon matrix elements impose the con-
straint k'= k+ q); we can then obtain the dynamical ma-
trix for any arbitrary wave vector by Fourier transform-
ing the set of dynamical matrices on the original q-point
grid into a set of real-space force constants, and then we
backtransform to q space. In doing this the approxima-
tion is made that force constants beyond the size of the
Born —von Kirmin supercell defined by the original k-
point grid are taken as zero; in our calculations we in-
clude force constants up to the sixth-nearest-neighbor
unit cell, corresponding to ions separated by as much as
25 A. %'e only explicitly calculate the dynamical ma-
trix, as outlined in Sec. II 8, for q points inside the irre-
ducible zone', for q outside this zone we use time-reversal

D;„J.( —q) =D „,„(q),
and the mirror-plane symmetry 0

D. Technical considerations

We represent the surface with a slab geometry, with
two identical surfaces on each side. %'e use a 14-layer
slab which has an inversion symmetry point at its center;
this slab is thick enough so that its middle part is a good
representation of the bulk and the two opposite surfaces
are nearly decoupled: electronic surface states localized
on each one of the two surfaces are nearly degenerate,
and surface-phonon splitting is no larger than 1-2 meV
for surface-localized modes. Still, some efkcts due to
the finite slab thickness appear in the long-wavelength
part of the phonon spectrum, as we will discuss later;
this is not surprising since in this limit the slab is essen-
tially a thin film.

The surface Brillouin zone (SBZ) for Si(111) 2&1 is
shown in the inset in Fig. 2. The irreducible zone is the
area enclosed by I —J-K —J', it is defined by time rever-
sal and by a mirror-plane symmetry that is normal to
the chain direction I —J. This is the only symmetry of
the surface (C„symmetry group). The electron equa-
tions (6) are solved on a grid of 16 k points in the irre-
ducible zone. The dynamical matrix is explicitly calcu-
lated for the set of q points that connect two k points

where i,j denote atoms in the unit cell, ~; is a basis vec-
tor, and greek letters denote Cartesian coordinates.

III. THE m-BONDED CHAIN MODEL,
EQUILIBRIUM STRUCTURE

The coordinates of the equilibrium configuration of
the surface that we obtain in our calculations are listed
in Table II; our results compare well. with LEED (Ref. 8)
and ion-scattering experiments, but we overestimate
the tilt of the chains. The bond length along the surface
chains remains essentially unchanged with respect to the
bulk bond length. In Fig. 2 we show the calculated elec-
tronic surface bands. There are two surface bands, since
there are two surface electrons per unit cell; one is filled
and the other one is empty. Close to the zone center the
filled band is actually a surface resonance. Both the
filled and the empty surface bands have strong disper-
sion along I —J (parallel to the chain direction), and very
weak dispersion along J EC (perpendic—ular to the
chains). That is, the dispersion of the surface electrons
along the chains follows nearly-free-electron behavior,

TABLE II. Equilibrium coordinates of the m-bonded chain model of the reconstruction of the
Si(111) 2X1 surface. The atom numbering corresponds to Fig. 1(d) and the origin is chosen at the

0
center of the slab on atom 13. Coordinates given in units of do ——2.35 A, the bond length of
diamond-structure silicon. Cartesian coordinates are assigned as follows: x~(110), y~(112),
z &111).

Atom
No.

Atom
No.

1

3

7
9

11
13

0.00
0.00
0.00
0.00
0.00
0.00
0.00

—2.43
—1.50
—1.86
—0.94
—0.94

0.00
0.00

3.98
3.60
2.66
2.28
1.30
1.00
0.00

2

6
8

10
12
14

0.82
0.82
0.82
0.82
0.82
0.82
0.82

—2.92
—3.73
—3.36
—2.38
—2.37
—1.43
—1.42

4.25
3.63
2.68
2.39
1.37
1.00
0.00
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with a small gap at the zone edge (small compared to the
bulk gap 1.17 eV), and the chains are essentially decou-
pled from each other. The minimum direct gap EG
occurs at K and remains fairly constant throughout the
entire zone edge J E—(at J the direct gap is 0.5 eV).
This gap has been measured in many experiments using
a variety of techniques (optical absorption and reflection,
electron spectroscopy, and STM): EG ——0.45 eV. The
value of the repulsion constant U is chosen to reproduce
the value of this gap: U=4.0 eV. These bands have
been previously calculated using more precise first-
principles theories, and the agreement with experiment
is very good. ' Our calculated bands also compare well
with experiment. The filled band has been traced using
ultraviolet ARUPS photoemission experiments '
(ARUPS) and in angle-resolved EELS experiments, ' and
the empty surface band has been traced using inverse
ARUPS. "'i Experimentally, the filled band disperses
up from I to J by 0.6-0.7 eV and down from I to J' by
0.2-0.3 eV. In our bands these dispersions are -0.65
eV up from I to J, and -0.1 down from I to J'. In our
bands there is a slight downward dispersion -0.1 eV
from J to K, but no appreciable dispersion is measured
along the zone edge.

The value of the gap is very closely related to two
structural degrees of freedom of the surface zigzag
chains: tilt and dimerization (the chains are tilted, but
not dimerized in equilibrium). We discuss each one of
these separately.

Tilt There i.s a nonzero gap EG between the filled and

empty surface bands because the two surface atoms on
the unit cell are asymmetric: the surface atoms along a
chain are inequivalent with respect to the subsurface and
the zigzag chains are tilted. The value of the tilt is
hz=0. 6 A or 1S' in our calculations; experimentally, it
is found to be 0.3820.08 A in LEED (Ref. 8) and
0.3+0.3S A in MEIS. ' This last experiment finds that
the second-layer chains are also tilted by 0.1+0.2 A; we
And this tilt to be 0.06 A. According to our calculations
the up atoms gain -0.13e and the down atoms lose
-0.21e. These small charge transfers are consistent
with the small core-level shifts observed experimentally
and with the theoretical results of Pandey (gain of
-0.2Se for the up atoms and loss of -0.1Se for the
down atoms). The subsurface asymmetry is responsible
for less than 0, 1 eV of the total gap 0.4S eV. The fur-
ther opening of the gap, which reduces the band-
structure energy, drives the charge transfer. The on-site
electronic repulsion HU introduces a competing eSect to
this charge transfer; the larger the repulsion constant U
the smaller the charge transfer and the gap EG. The ad-
dition of HU to the theoretical model represents an im-
portant improvement in the description of the electronic
properties of the surface; with U=O the electronic sur-
face bands would be qualitatively difFerent from Fig. 2,
with a minimum direct gap of —1.0 eV. HU effectively
reduces the charge transfer between the up and down
atoms in the "bare" Chadi model, and we obtain surface
bands that are in good agreement with experiment.
However, the tilt M of the surface chains is unafFected
by HU, and we probably overestimate its value.

Dimerizution. In the equilibrium configuration the
surface chains are not dimerized. It is natural to expect,
ho~ever, that this is an important degree of freedom of
the surface (consider the resemblance of the surface
chains to polyacetylene). Indeed, an LO vibrational
mode along the chains, which dimerizes them, drives an
anomalously large charge fluctuation, and as we have al-
ready mentioned, this mode dominates the phonon ab-
sorption spectrum of the surface. At equilibrium the
chains are not dimerized, and the surface has a mirror-
plane symmetry, where the mirror plane is normal to the
chain direction (1TO). A number of experiments have
verified the existence of this mirror-plane symme-
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IV. SURFACE PHONONS

The calculated phonon dispersion curves for the chain
model of Si(111) 2X1 are shown in Fig. 3. Surface pho-
nons are represented with solid lines and surface reso-
nances with dashed lines. There are surface phonons
outside both ends of the bulk spectrum. The one below
the bottom of the acoustic continuum is the Rayleigh
wave, which occurs on all surfaces, although on this sur-
face the Rayleigh wave has quite peculiar behavior, de-
scribed below. A surface phonon above the optical con-
tinuum, on the other hand, is not expected to occur on
surfaces in general, and is related to the reconstructed
geometry of the chain model. Both of these will be dis-
cussed later. Among the surface resonances at I we find
a spectrum of modes that have the form of elementary
vibrational excitations of the surface chains, including a
longitudinal-optical mode along the chains, and a
transverse-optical mode normal to the surface plane;
these two phonons are related, respectively, to the di-
merization and tilt of the chains discussed above. These
and other surface modes are schematically illustrated in
Fig. 4.

%e divide the discussion of the phonon spectrum in

50-

FIG. 3. Phonon dispersion curves for the m-bonded chain
model of Si(111}2&(1. Solid lines are surface phonons and

dashed lines surface resonances. The hatched regions represent
the projected bulk modes, and the dashed area near the zone

center corresponds to a broad surface resonance.
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TABLE III. Energies (in meV) of surface phonons and reso-
nances (8) at I for the m.-bonded chain model of the Si(111)
2&1 surface. Symmetry (+, even; —,odd) is with respect to
the mirror-plane symmetry normal to the chain direction
()TO).

{b)

8, surface chain bounce {R}
R, rocking mode
D, dimer mode
D2, subsurface dimer mode

10.0+
31.0+
51.0—
61.0—

{c)

(d)

FIG. 4. Schematic representation of vibraiiona1 modes that
have the form of elementary vibrational excitations of the sur-
face chains. Zone center: (a) LO subsurface phonon along the
chains {subsurface dimer mode D2), (b) LO surface phonon
along the chains (dimer mode D), (c) TO phonon normal to the
surface (rocking mode 8). Zone edge: (d) X&, lowest-lying
Rayleigh mode at J.

Fig. 3 in two parts, corresponding to the optical and
acoustic regions of the projected bulk phonons. This is
not a perfectly well-defined division in terms of phonon
energies, but we assign the region from 40 meV upwards
as the optical region, and the lower part of the spectrum
as the acoustic region. Surface phonons in the acoustic
region are experimentally accessible using atom scatter-
ing or infrared spectroscopy, and electron scattering
(EELS) can be used to study the entire spectrum. As
mentioned earlier, we will make contact with results
from EELS and He-atom experiments. The energies of
the most important features in the spectrum at I are
listed in Table III.

A. optical phonons

We discuss the most relevant features of the optical
region of the surface phonon spectrum.

Fiuefold ring mode When a. surface is created, the
most important perturbation on the atoms that sit at the
surface is the reduction in their coordination number.
This explains why the Rayleigh wave is usually below
the acoustic continuum. For the same reason, it is quite
surprising to observe that the phonon spectrum of the

Si(111) 2)& 1 surface includes modes with higher frequen-
cy than the bulk vibrations. In fact, there are two sur-
face phonons that are above the optical continuum for a
considerable part of the SBZ. The explanation of this
feature lies in the 6vefold rings of the chain reconstruc-
tion of the surface. Roughly speaking, fivefold rings are
stifFer than sixfold rings, and both of the high-frequency
surface phonons are localized around the fivefold rings.
In the highest one there is a large vibrational amplitude
that corresponds to the stretching of the bond between
atoms 3 and 5 [see Fig. 1(b)], and in the lower one the
bond between atoms 4 and 6 is stretched. Both of these
are back bonds that delineate the subsurface fivefold
rings, and the geometry of the reconstructed surface sug-
gests that the bond between atoms 3 and S is stifkr than
the bond between atoms 4 and 6 (atom 3 is connected to
the down atom in the surface chains, and atom 2 is con-
nected to the up atom). Thus the two high-frequency
surface phonons result from the stretching of the back
bonds that participate in the subsurface fivefold rings.
We briefiy mention here that the reconstruction of the
Si(001) surface also includes fivefold rings, and in its
phonon spectrum„which we have calculated, ' high-
frequency modes above the top of the optical continuum
also appear. One might speculate that high-frequency
phonons appear whenever 6vefold rings are present, and
this property could be used to identify their presence in
a variety of structures, like grain boundaries and amor-
phous Si.

Dimer mode. Going down the energy scale in the
phonon spectrum, we find a surface resonance that ap-
pears across the entire SBZ. This vibration corresponds
to one of the elementary excitations of the chains: at I
it has the form of a longitudinal-optical (LO) vibration
along the surface chains, that is, it dimerizes the surface
chains. The mirror-plane symmetry of the surface
divides the zone-center modes into two categories: even
and odd modes. Even modes are polarized parallel to
the mirror plane (i.e., along the surface normal and per-
pendicular to the chain direction), and odd modes are
polarized along the chain direction, parallel to the sur-
face. The longitudinal-optical model of the chains is
odd; it has vibrational amplitude only parallel to the
chain direction. Because of this, it is not only a reso-
nance at I, but a proper surface phonon: even though it
does not lie in an energy gap it is in a symmetry gap.
This model is transverse with respect to the (111)direc-
tion and it is in the region of projected bulk modes that
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are longitudinal with respect to (111). Outside I' it is a
very sharp resonance. The longitudinal-optical phonon
of the surface chains is the surface phonon that we as-
sign as the anomalously strongly dipole-active surface
phonon seen on the Si(ill) 2)&1 surface. This is dis-
cussed in Sec. V.

Subsurface dimer mode There are actually two ver-
sions of the LO mode of the surface chains, and this is
related to the atoms in the second layer below the sur-
face which also form zigzag chains, parallel to the sur-
face chains (see Fig. 1). The first of them, the dimer
mode discussed above, corresponds to a vibration where
the surface and subsurface chains are moving in phase,
and most of the vibrational amplitude is on the surface
chains (the ratio of vibrational amplitude between the
surface atoms and the subsurface atoms is 5/1). In the
second version the surface and subsurface chains move
out of phase, and most of the vibrational amplitude is on
the subsurface chains (with ratio 1/4). We will refer to
the first one as the "dimer" or LO mode of the surface
chains, and to the second one as the subsurface dimer
mode. They are labeled D and D2, respectively, in Fig.
3. Their energies at the zone center are 51 meV for the
surface dimer mode and 61 meV for the subsurface di-
mer mode.

B. Acoustic yhonons

A closeup of the acoustic region of the surface-phonon
spectrum of Fig. 3 is shown in Fig. 5. In the long-
wavelength limit, near I, there are three phonon
branches. One is the Rayleigh wave, which appears on
all surfaces and corresponds to the elastic vibration of a
semi-infinite system. The vibrational amplitude of the
Rayleigh wave decays exponentially into the bulk and
has linear dispersion near I. In our calculated spec-
trum, however, the Rayleigh wave has q dispersion in-
stead. This difference arises because of the slab
geometry we use: at long wavelengths the slab vibrates
like a thin film. The other two branches correspond to
the transverse-optical (TO) and transverse-acoustic (TA)

4O
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FIG. 5. Acoustic region of the phonon spectrum in Fig. 3.
R, rocking mode. 8, bouncing mode; XI, vibration normal to
the surface plane of the up-atom sublattice; N2, analogous vi-
bration for the down-atom sublattice.

vibrations of the surface zigzag chains, where the surface
atoms oscillate along the surface normal. The TA
branch, with energy 31 meV at I, has the form of a
rocking vibration of the chains, where the surface atoms
move out of phase; it is labeled R in Fig. 5 and is
schematicaHy shown in Fig. 4(c). The TA branch ap-
pears as a broad resonance centered about 10 meV and
is labeled 8 in Fig. 5; it corresponds at I to a bouncing
vibration of the chains, where an entire surface chain
moves in phase with respect to the subsurface.

Consider for the moment the surface zigzag chains as
a polymer made up of two unequal atoms absorbed on
the subsurface (not only the structure of the surface
chains, but a1so the electronic surface bands are similar
to those of polyacetyline). Within this picture the rock-
ing and bouncing phonons of the surface correspond to
the torsional or transverse vibrations of the polymer. In
a free polymer the TA mode at the zone center has zero
energy, on the surface it has finite energy at I since the
surface chains are bonded to the subsurface. Again for a
free polymer, the TA phonon disperses upwards from
the zone center to the zone edge, and the TO phonon
disperses downwards. At the zone boundary the two
branches are separated by a gap due to the mass
difference or inequivalence of the two types of atoms
that make up the polymer; the vibrational amplitude of
the mode above the gap is on the sublattice of the light
atoms, and for the mode below the gap the vibrational
amplitude is on the sublattice of heavy atoms. We go
back now to the Si(111) 2X1 surface. At the zone
center the bouncing and rocking modes correspond, re-
spectively, to the TA and TO vibrations of the free poly-
mer, and at the zone edge the surface phonons labeled
N, and Nz correspond to the polymer zone boundary
modes: for X& the vibrational amplitude is mostly on
the up atoms of the surface chains, and for N2 it is most-
ly on the down surface atoms [see Fig. 4(d)j. Now we
discuss the dispersion of these phonons. Given that the
surface zigzag chains are strongly bonded one would ex-
pect the chain TA and TO phonons to show strong
dispersion from I to the zone edge, similar to the
dispersion of the electron surface bands. The rocking or
TO branch does indeed follow this: it is strongly disper-
sive from I to I, and has much weaker dispersion along
the zone edge; it remains a resonance throughout the
SBZ. The behavior of the bouncing or TA phonon,
ho~ever, is very di6'erent; it remains a broad resonance
with no dispersion until it reaches the edge of the bulk
continuum. At this point this resonance and the Ray-
leigh wave seem to undergo mode repulsion (which is al-
lowed by symmetry, since both vibrations are normal to
the surface), avoiding a true crossing. This mode repul-
sion cannot be seen clearly because of the broadening of
the resonance. Of the two branches that emerge, %2
continues with typical Rayleigh-wave dispersion, though
as a resonance inside the bulk continuum; it eventually
becomes a surface phonon at the zone edge, just o6' the
acoustic continuum. The second branch X& continues as
a very weakly dispersive surface phonon across the SBZ
(note the energy scale in the figure). Considering the
strong bonding of the surface chains, as evidenced by the
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strong dispersion of the TO branch and the surface-
electron bands, this is a rather surprising result. (The
mode that merges with the Rayleigh wave just outside
the bulk continuum, marked with an arrow in Fig. 5, is
an artifact of the slab geometry that we use. X& is two-
fold degenerate in a slab with a surface-localized mode
on each one of its two identical surfaces; the mode that
merges with the Rayleigh wave indicated with the arrow
is a "breathing" vibration of the slab, and it would not
appear in a semi-infinite system. )

This unexpected weakly dispersive acoustic surface
phonon has been observed experimentally. Using inelas-
tic He-atom scattering, HT% measured dispersion
curves of surface phonons in the acoustic part of the
spectrum. Besides the usual Rayleigh wave, they found
a low-energy (10.5 meV), nearly dispersionless surface
phonon across the SBZ. This led to the speculation'
that the observed dispersionless surface phonon is an
Einstein mode, corresponding to the vibration of in-
dependent localized oscillators. The chain model cannot
support such a surface phonon, thus this interpretation
of the experiment implies that one ought to consider al-
ternative models for the reconstruction of Si(111) 2g 1,
and it was suggested that Chadi's m-bonded molecular
model might explain this result. However, our results
show that the chain model is indeed consistent with the
appearance of a weakly dispersive, low-energy acoustic
surface phonon, and that this surface phonon is not an
Einstein mode. Its vibrational character depends on the
wave vector; at I it is the bouncing mode of the chains,
and at the zone edge it is localized on the up-atom sub-
lattice of the chains. %'e will argue next that a strong
phonon-energy renormalization effect causes the other-
wise dispersive surface branch 8 ~X& to appear as
weakly dispersive. As we mentioned in the Introduction,
this phonon-softening efFect is generated by virtual tran-
sitions from the back-bond states at the zone center to
the zone-edge empty surface states, a subsurface-
mediated mechanism.

At the heart of our analysis is the efFect of the elec-
trons on the surface lattice dynamics. Besides the small
direct gap between the electronic surface states at the
SBZ edge, there is another small gap in these bands, an
indirect gap between the zone-center back-bond states,
or valence-band states, and the empty surface-state states
along the zone edge J—E. It might be expected then
that the polarization of these electrons, through D~ii (q)
[Eq. (15)], can cause a significant softening effect for vi-
brations with wave vector q=J (and along the entire line
J—K). In order to investigate this question, we have
broken the dynamical matrix in two parts: the contribu-
tion to Di&'(q) from the electronic excitations from the
valence-band states to the empty surface states, and all
the rest of the dynamical matrix (including the remain-
ing electronic transitions and the short-range interac-
tions). We denote the corresponding phonon frequencies
covB ss and ~,&„„„respectively. Of course
~,« ——~va ss+~,&„„,. In Fig. 6 these three energies for
the weakly dispersive mode (8~N, ) are plotted as a
function of wave vector along the chain direction on the
SHZ. In the region where this branch broadens, and
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FIG. 6. Dispersion of co,'«„~,»«,„and cava-ss along the
chain direction on the SBZ.

where the modes seem to cross, we calculate an average
in order to clarify the figure and our discussion. Con-
trary to the nearly dispersionless character of co„„both
cava ss and ~,&„„,separately show rather strong disper-
sion. Actually, ~„„„,has the behavior expected from
the surface chains, but its upward dispersion is almost
completely canceled by the sharp softening in mva ss at
the zone edge. Notice that due to the strong dispersion
of the surface electron bands the small indirect gap
occurs only for q=J; therefore, the softening eft'ect of
Di&'(q) is sharply enhanced only close to J. Were the
surface electron bands weakly dispersive, arva ss would
be fairly constant throughout the SBZ and co„, would
follow the upward dispersion of co,&„„,. Our calculation
shows that the electron-phonon matrix elements for the
in-phase vibration of the surface chains, the bouncing
mode, have a large modulation efFect on the surface-
terminated valence-band states. Paradoxically, this
strong electron-phonon efFect which generates the weak-
ly dispersive acoustic surface phonon occurs only be-
cause of the highly dispersive character of the electronic
surface bands.

The agreement between our calculated phonon ener-
gies and the experiment of HT%' is qualitative. Phonon
energies obtained in our theory can be considered accu-
rate within —10%%uo (we overestimate the zone-edge TA
mode in bulk Si by about 10%, and because of the
finite thickness of the slab in the calculations the relative
position of the electronic surface bands with respect to
the valence-band maximum might also be o6' by 0.1-0.2
eV in our calculations, afFecting the indirect gap that
causes the mode softening we discussed here). In the ex-
periment the broad resonance at I is centered at 10.5
meV with F%HM of 3 meV, consistent with our results.
At the zone edge the experiment 6nds two surface pho-
nons with energies 10.5 and 11.5 meV, compared with
12 and 16 meV at J and 11 and 15 meV at K in our cal-
culations. The experimental width at the possible cross-
ing point (-4 meV) does not permit a clear indication
whether mode repulsion or crossing occur. The experi-
ment finds a dispersionless model, whereas our results in-
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dicate a weakly dispersive one (again, this might be a re-
sult of the two remarks made above: our model overesti-
mates the bulk TA phonon at the zone edge and the rel-
ative position of the surface states with respect to the
valence-band maximum might be off by 0.1 —0.2 eV).

Finally, we briefly comment on the rocking mode 8,
which was not observed in the experiment of HTW.
This discrepancy might be related to the fact that the
high energy of this branch made it inaccessible in the ex-
periment, where 20-30-meV He atoms were used.
Furthermore, one should consider the He-atom activity
of each vibration; it is likely that the optical vibration of
the surface chains generate a short-wavelength surface
corrugation that is not detected by the He atoms, com-
pared with the acoustic mode. It would be interesting to
use an atomic charge superposition method to calculate
the He-atom activity of each surface vibration.

V. DIPOI.K ACTIVITY OF SURFACE PHONONS

In this section we discuss the dipole activity of the
surface phonons, or surface conductivity o, (co) of Eq.
(26). As we mentioned in the Introduction, we find an
unambiguous, though somewhat surprising, explanation
for the anomalously strongly dipole-active surface pho-
non of the Si(111) 2)&1 surface seen in EELS experi-
ments. We have previously discussed this result in a
short communication, ' where the on-site electron-
repulsion term HU was not included in our theory; here
we expand our discussion, with HU included in the cal-
culations (the conclusions are essentially the same). The
fir'st experimental observation of the strongly dipole-
active surface phonon was made by Ibach' sixteen years
ago, and later experiments have confirmed this re-
sult. ' ' This dipole-active surface phonon is intrinsic to
the 2&(1 reconstruction of the Si(111) surface, and its
understanding has been a long-standing problem in the
vibrational spectroscopy of semiconductor surfaces. Pre-
vious theoretical attempts to understand this feature
were not related to the n-bonded chain model and did
not propose any assignment for the dipole-active surface
phonon. Evans and Mills estimated the size of the dy-
namic charge of this surface phonon using the intensity
of the phonon inelastic peak in the measured EELS spec-
trum. They calculated e'-0.5e-1.0e, indeed a very
large value for any type of semiconductor structure; they
did not, ho~ever, provide any microscopic picture of
this phenomenon. Previous work by Ludwig, ' using a
force-constant model, speculated that the dipole-active
surface phonon arises from the backfolding of the bulk-
projected phonons due to the 2 X 1 reconstruction; he ar-
gued, however, that the explanation of this feature might
very well depend on the speci6c structure of the recon-
structed surface, and more importantly, on the change of
the force constants induced by the reconstruction. The
solution of this interesting problem has remained elusive
and has been the subject of much speculation. We pro-
posed, for the first time, a microscopic explanation for
the anomalously strongly dipole-active surface phonon of
Si(111) 2X1.' Our explanation relates the n-bonded
chain model to this surface phonon, and this adds to the

long list of evidence in favor of the chain model as the
correct model for the reconstruction of Si(111)2)& 1. As
we have mentioned, we assign the longitudinal-optical
phonon of the surface chains (the dimer mode) as this
surface phonon. We have also suggested an experiment
that tests this assignment, which has been done and is
indeed in agreement with our result.

The calculated phonon-assisted contribution to the
surface conductivity a i(ni) is shown in Fig. 7, where we
plot o&(ai) versus phonon energy. The mirror-plane
symmetry of the surface (perpendicular to the chain
direction) allows us to assign each vibrational mode into
one of two representations: (1) even modes, polarized
parallel to the mirror plane (i.e., normal to the surface
and to the surface chains), and (2) odd modes, polarized
along the chain direction (parallel to the surface). The
two panels in Fig. 7 follow this symmetry classification
[only zone-center phonons enter in the calculation of
o i(co), and the mirror plane is in the small group at I ].
The upper panel shows the dipole activity of all the even
modes o,(co), and the lower panel shows the dipole ac-
tivity of the odd modes trM(co). A phonon that is even
under the mirror-plane symmetry drives a current paral-
lel to the mirror plane (the plane defined by (111) and
(112)), and a surface vibration that is odd drives a
current along the surface chains (parallel to (110)).
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FIG. 7. Surface conductivity (a) o', (co) polarized perpendic-
ular to the surface chains direction, (h) 0 I(co) polarized parallel
to the chains. The continuous spectra are obtained from the
original discrete ones by convolution with a Lorentzian with
FTHM of 5 meV, comparable to the best available experimen-
tal resolution of EELS spectrometers.
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'

y (e«)2 'I/2 (31)

where the sum is over atoms in 1ayer L. Both quantities
decay very quickly into the bulk in a correlated way,
showing that the charge fluctuation is almost entirely
provided by the response of the surface electrons. Note
that close to the center of the slab e*-0, as required by
the inversion symmetry in the diamond structure. In
Fig. 9 we plot e' for the three polarizations: normal to
the surface, across the chain direction, and parallel to
the chain direction. The anisotropy imposed by the sur-
face chains is evident.

In order to understand this result, we look more close-
ly on the efFect of the LO phonon of the surface chains
on the electronic structure of the surface. Let us consid-

The absorption spectrum of the even modes, cr', (co),

shows a complex structure, but there is not any particu-
lar feature that stands out. %e just comment on the
broad peak centered near 55 meV. This feature is com-
mon to all the Si surfaces we have studied, including the
Si(001) surface and the m-bonded molecular model of
Si(111) 2 &( 1 (see the Appendix); it arises from the
surface-terminated bulk phonons, which couple to the
electronic surface states and the tails of the electronic
bulk states in the surface region; the inversion symmetry
of crystalline bulk silicon that forbids the dipole activity
of the bulk phonons is broken by the surface. The inten-
sity of this broad peak derives from the high density of
projected optical bulk phonons in the 50-55-meV region
of the spectrum. On the other hand, the spectrum of the
odd modes, crI(co), consists of one sharp peak and a
much weaker, also sharp peak on its high-frequency
shoulder. The strong peak, positioned at 51 meV, is
generated by one phonon: the LO mode of the surface
chains. The weaker peak, centered at 61 meV, is the
subsurface dimer mode. Note that the vertical scale for
e,(co) is 2 orders of magnitude smaller that the vertical
scale for oI(co), that is, the 51-meV peak in the odd-
mode spectrum is more than 100 times larger than the
even-mode spectrum.

Thus the picture that emerges from our calculations is
that the LO mode of the surface chains completely dom-
inates the one-phonon absorption spectrum of the chain
model of the Si(111) 2X1 surface. In our calculations
the dynamic charge associated with the dimer mode is
0.75e, an anomalously large value for homopolar semi-
conductor structures. This value is consistent with the
estimate of Evans and Mills derived from the experi-
ment. The shoulder in crM(m) due to the subsurface di-
mer mode and the structure of o, (co) were not seen in

the experiment; they are overshadowed by the strong
peak of the LO phonon of the surface chains.

The large charge fluctuations generated by the LO
phonon of the surface chains are generated almost en-
tirely by the coupling of the electronic surface states to
this mode. This can be seen from Fig. 8, where we plot
the surface-state layer-averaged charge density and the
layer-averaged dynamic charges cL polarized along the
chain direction. ei, where I. denotes layer number, is
defined as follows:
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FIG. 8. Filled surface-state layer-averaged charge density
and layer-averaged dynamic charge polarized in the chain
direction, as a function of penetration depth into the bulk.

er an efFective electronic Hamiltonian H' where we pro-
ject all the electronic degrees of freedom onto the dan-

gling bond states of the two surface atoms; this will sim-

plify our arguments and will expose the essential physics.
We then have an eff'ective one-dimensional chain with
two inequivalent sites, corresponding to the two ine-
quivalent surface atoms along the surface chains of
Si(111) 2&(1. Let us denote the on-site energies of the
two sites c, and s2, and the effective interaction between
electrons in neighboring sites along the chain Vo. The
corresponding k-dependent tight-binding Hamiltonian is

E)
0e8'

V(k)'

V(k)

where the interaction term V(k) is

V(k) = Vo(1+e'"'), (33)

the perturbation is on the ofF-diagonal part of H', and
the entire electronic structure changes; charge not only
Auctuates along a bond between nearest neighbors, but
along the entire chain. The LO phonon of the surface
chains couples very e%ciently to the states across the

gap at the zone edge. Two crucial properties of the sur-

k is the corresponding Bloch wave vector, and a is the
length of the unit cell. Consider how vibrations of the
chains a8'ect H' . If the TA optical mode of the chains,
the rocking mode, is excited, the on-site energies change:

e, ~e, +b, cos(cot),

E2~E2 —5 cos( cot )

where cu is the phonon frequency. Charge is transferred
up and down along a bond between the two surface
atoms. If the LO mode of the chains, the dimer mode, is
excited, the interaction V is changed:

V~ V+5 V cos(cot),
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FIG. 9. Layer-averaged dynamic charges polarized along
the chain direction (solid line), normal to the surface plane
(dashed line), and perpendicular to the chain direction, parallel
to the surface plane 4,'dash-dotted line).

face contribute so that the LO mode of the chains can
drive a very large charge fluctuation: first of all, the
electrons along the chains are delocalized, and it is easy
then to generate a charge fluctuation; and second, a con-
nected network of surface atoms exists that can support
the charge oscillations without interruption. This is in
sharp contrast to the Si(001) surface, where there is no
such connected network of surface atoms and most of
the phonon-induced charge fluctuations occur through
the back bonds. 3

We assign the LO mode of the surface chains as the
Si(ill) 2X1 surface phonon seen in EELS experiments.
The frequency of this phonon in our calculations is 51
meV; experimentally it is found around 56 meV. ' '
Notice that this mode is odd with respect to the mirror-
plane symmetry, and therefore its dynamic dipole is po-
larized along the chains parallel to the surface. This
violates the so-caHed dipole-selection rule, ' which states
that only perpendicular dipoles can occur on a surface.
However, this selection rule is valid for ideal metallic
screening, where the static dielectric constant diverges.
On a semiconductor or an insulator surface, where there
is a gap in the electronic bands, the dipole-selection rule
can break down. We should point out here that our
model includes short-range, but no long-range electro-
static screening, thus we probably overestimate the mag-
nitude of the dynamic charges. The calculated dielectric
constant that we obtain (short-range screening} is
e(q=0)=14, compared to its experimental value of 12.
The interesting property of the LO phonon of the
chains, that its dynamic dipole is polarized parallel to
the chain direction, can be used to test our assignment.
In an azimuthal angle-dependent EELS experiment„
when the surface chains project onto the scattering
plane, the inelastic spectrum should be dominated by a
single sharp and strong peak near 51 meV„but as the
scattering plane is rotated this signal should quench and

should disappear when the scattering plane is perpendic-
ular to the surface chains, provided that the experiment
is done on a single domain surface (with a unique chain
direction). This is the vibrational analogue to the experi-
ments by Chiradia et al. and by Olmstead and Amer,
where the polarization dependence of the optical absorp-
tion of the electronic surface states was measured. In
both of these cases a cos P behavior, where P is the az-
imuthal angle, was observed, confirming the existence of
the quasi-one-dimensional surface chains and the
mirror-plane symmetry of the surface. An interesting
electron-scattering experiment has been recently report-
ed by DiNardo et al. , ' and our prediction was
confirmed. This was the first experimental observation
of a parallel dynamic dipole on a clean surface. The
analysis of the experiment, however, is unfortunately not
as easy as in the optical case; the lower resolution of
electron scattering compared to optical absorption, and
the small q transfer of the EELS process, make a de-
tailed analysis of the eff'ects of angle resolution in the ex-
perimental data necessary. For finite sizes in the collec-
tion angles of the spectrometer, the cos P result of the
optical-absorption experiments becomes less sharp in the
EELS experiments, and the signal does not completely
vanish in the perpendicular geometry (see Ref. 42).

VI. SUMMARY

We have studied vibrational properties of the +-
bonded chain model of the Si(111) 2 X 1 surface using a
theory of vibrational excitations that is based on an
empirical tight-binding model for structural energies in
Si. This is a simple theory that is nevertheless capable
of incorporating the surface electrons into the formula-
tion of the dynamical properties of the surface. %'e have
calculated surface-phonon dispersion relations, and the
phonon-assisted contribution to the surface conductivity,
or dipole activity of surface phonons. We find, in gen-
eral, that the vibrational properties of Si(111) 2X1 are
radically diferent than in the bulk, and just as the zig-
zag chains of the reconstructed surface determine its
electronic properties, the vibrational properties of the
surface are also characteristic of the chain geometry.
An important conclusion of our studies is that the sur-
face electrons play a fundamental role in the lattice dy-
namics of the surface; the delocalization of the surface
electrons along the surface chains is the signature of the
chain model of the reconstruction of the surface, and
these quasi-one-dimensional surface electrons strongly
inhuence the surface lattice dynamics. Our calculation
of the surface dynamic charges demonstrates this; we as-
sign a longitudinal-optical phonon along the surface zig-
zag chains, a mode that dimerizes them, as the anoma-
lously strongly dipole-active surface phonon seen in
EELS. The dynamic charge generated by this vibration
is extremely large, -0.7Se, and has the novel property
that is polarized parallel to the surface plane, along the
chain direction. This property can be used to test our
assignment, and a recent experiment has shown that the
longitudinal-optical mode of the chains is indeed the
anomalously strongly dipole-active Si(111) 2 X 1 surface
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phonon. The explanation of this feature had been a
long-standing problem in the vibrational spectroscopy of
semiconductor surfaces. Another unique vibrational

property of the Si(111) 2X1 surface where the electrons
play a central role is the appearance of a low-energy
acoustic surface phonon with almost no dispersion. The
recent experimental observation of this surface phonon
raised the question of whether the n.-bonded chain model
could explain this feature of an Einstein-like vibration,
or whether an alternative reconstruction of the surface,
where localized vibrations can occur, ought to be con-
sidered. %e find that our calculated phonon spectrum is
in qualitative agreement with the experiment, and that
the dispersionless character of this vibration results from
a strong phonon-energy renormalization effect due to
virtual transitions from the back-bond states to the
zone-edge empty surface states, a subsurface-mediated
efFect. Even though both surface electrons and surface
phonons are very well localized on the surface itself, one
cannot regard this surface as completely decoupled from
the bulk. The dispersion of the surface phonons demon-
strates that the force constants at the surface are very
different from the bulk; in order to accurately describe
the vibrational properties of the surface, one has to cal-
culate them, and not merely use bulk force constants,
and one has to include the efFect of the surface electrons.
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APPENDIX: THE m-BONDED MOLKCUI. AR MODEL

lar mode1 by -0.3 eV/surface atom, a relatively large
amount.

Even though there is no single clear experiment in
favor of the molecular model, and there is overwhelming
evidence in support of the chain model, it is worthwhile
from the theoretical point of view to compare these two
models. Specifically, we are interested here in compar-
ing their phonon excitation spectra. %'e find that the +-
bonded molecular model does not support a strongly
dipole-active surface phonon in agreement with the
EELS results.

The reconstructed geometries of the chain and the
molecular models are completely different. In the chain
model the surface atoms form strongly bonded zigzag
chains, a connected network of surface atoms, whereas
in the molecular model the surface atoms form isolated
dimers. The surface geometry of the molecular mode1 is
somewhat similar to the Si(001) 2X 1 surface, and indeed
their electronic surface bands are also similar. The
molecular model does not have a mirror-plane symmetry
normal to the (110) direction, which is the direction of
the chains in the chain model; the existence of this sur-
face symmetry has been confirmed experimentally.

%'e have calculated the equilibrium structure, the
zone-center phonons, and the phonon-absorption spec-
trum of the m'-bonded molecular-model surface. The
phonon-absorption spectrum is shown in Fig. 10. %'e
show separately the component perpendicular to the
( 110) direction o, (co), and the parallel component
o'I(ro). If x, y, and 2' denote the directions (1TO),
( 112), and ( 111), respectively, then tr, (co) =o~(co)
+ o, (~) and o')(co)=o„(ro). Figure 10 can then be

directly compared with the corresponding figure for the
n-bonded chain model (Fig. 7). There are three main

The m-bonded molecular model was proposed by
Chadi as an alternative model for the reconstruction of
the Si(111) 2&(1 surface. The motivation for this was
that Pandey's m-bonded chain model could not apparent-
ly explain some convicting results reported from angle-
resolved photoemission experiments. Uhrberg et al. '

found one occupied surface band with large upward
dispersion in the I to J direction, in agreement with the
m-bonded chain model. Himpsel et al. found, besides
the highly dispersive surface band characteristic of the
m-bonded chain model, a second weakly dispersive band
at lower energies, inside the valence-band region.
Houzay et al. found different results for differently
prepared surfaces, depending on the cleavage direction
relative to the 2 & 1 reconstruction; in some of these sur-
faces they found only a Hat surface band. Since these in-
itial experiments were reported, the appearance of the
second, weakly dispersive surface band has been inter-
preted as arising from multidomain surfaces or from
transitions from the bulk valence bands to the unoccu-
pied surface states of the chain model, and for single
domain 2&&1 surfaces only the strongly dispersive band
of the m-bonded chain model is observed. No further
evidence in support of the molecular model has been
found. Theoretically, total-energy calculations show
that the chain model has lower energy than the molecu-
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FIG. 10. Surface conductivity of the ~-bonded molecular
model, oI(cu) is polarized along the chain direction of the
chain model ((110)), and ot(co) is polarized normal to the
chain direction. Notice that oI is multiplied hy a factor of 25.
This figure can be directly compared with the corresponding
figure for the chain model, Fig. 7.
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points of disagreement between the phonon-absorption
spectrum of the molecular model, and the experimental
results.

(1) The phonon-absorption spectrum of the molecular
model does not have a single sharp peak that dominates
the entire spectrum. Its strongest feature is a broad
peak centered at -55 meV, and has a second ~eaker
and also broad peak centered at —20 me V. The
phonon-absorption spectrum of the chain model has one
sharp peak at 51 rneV (with a weak subpeak at 60 meV)
that is generated by the LO phonon of the surface chains
and completely dominates the absorption spectrum. The
results of EELS experiments' ' show a single, very

sharp absorption peak at -56 meV.
(2) The intensity of the strongest feature in this spec-

trum is -50 times weaker than the absorption peak of

the LQ mode of the surface chains; the molecular model
does not support a surface phonon that can drive a large
dynamic charge comparable with experiment
(e' =0.5 —1.0e).

(3) Note that crI(to) is scaled 25 times in the figure,
that is, almost all the dipole activity in the molecular
model is polarized normal to the (110) direction, and
furthermore most of the strength in cr&(to) comes from
the z polarization, normal to the surface. No azimuthal
angle dependence of the absorption spectrum should be
observed. The experiment of Diwardo et al. ' shows
that there is an azimuthal angle dependence that implies
that the Si(111) 2X1 dipole-active surface phonon is po-
larized along the (110) direction, consistent with our
assignment of this phonon as the LO vibrations of the
surface chains.
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