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Sb overlayers on (110) surfaces of III-V semiconductors: Total-energy
minimization and surface electronic structure
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The atomic geometry, chemical bonding, and surface-state eigenvalue spectra are predicted for
saturated (1&1)ordered monolayers of Sb on the (110) surfaces of GaP, GaAs, GaSb, InP, InAs,
and InSb. These predictions are based On an extension of the sp s* tight-binding model to encom-
pass the calculation of total energies and hence the identification of minimum-energy surface
geometries. The predicted geometries are in good correspondence with those obtained from low-

energy electron diffraction for the only two cases in which the latter are known, i.e., GaAs and InP.
With the use of these predicted geometries, the energy-dispersion relations of the surface states are
evaluated throughout the surface Brillouin zone and compared with their clean-surface analogs. Ex-
amination of the electronic structure of these Sb-substrate systems reveals a novel type of bonding
not found in either bulk III-V semiconductors or molecular III-V analogs.

I. INTRODUCTION

Considerable attention recently has been devoted to the
investigation of the electronic structure and the surface
chemistry of compound semiconductor interfaces via the
study of adsorbate atoms on specific surfaces. ' Since the
atomic geometries of the clean (110) surfaces of III-V
semiconductors are known to a fairly high degree of accu-
racy, these surfaces constitute ideal systems to examine.
Indeed, the adsorption of column-III and column-V ele-
ments on the (110) surfaces of III-V compounds has been
the topic of extensive experimental' ' and theoreti-
cal" ' activity, the prototypical substrates being
GaAs(110) (Refs. 1 and 3—8) and InP(110) (Refs. 9 and
10). In this paper we present a calculation of the atomic
geometries and surface-state spectra of Sb on these and
other III-V materials and corn. pare the predictions of this
calculation with the available experimental measurements.

The deposition of Sb on GaAs(110) (Refs. 1, 7 and 8)
and InP(110) (Ref. 10) at room temperature produces a
stable, ordered adsorbate structure at a coverage of ap-
proximately one monolayer (ML). In both systems,
room-temperature adsorption of a monolayer of Sb yields
an ordered overlayer structure with the same symmetry as
the clean (110) surface [i.e., a p(1X1) structure]. Al-
though several different atomic geometries have been pro-
posed'"' for GaAs(110)-p(1 X 1)-Sb(1 ML), dynamical
analysis of measured elastic low-energy electron diffrac-
tion (ELEED) intensities favors a structure in which the
two Sb species in the saturated monolayer are located at
sites analogous to those which would be occupied by Ga
and As at an unreconstructed (110) surface. That is, the
Sb species form a zigzag chain bonded to a nearly unre-
laxed GaAs(110) substrate. In this geometry, the larger
Sb—Sb bond length relative to that of Ga—As is accom-
modated by a lateral expansion of the Sb-Sb distance

along the [100j direction, thereby reducing the angle be-
tween the Sb atoms within the chain from a value charac-
teristic of tetrahedral bonding (6=109.47') to a value of
e(Sb—Sb—Sb) —91' characteristic of p bonding. A
schematic diagram of this structure is shown in Fig. 1

along with the definitions of various structural parame-
ters. Among the structural parameters that characterize
such an atomic geometry, the relative displacement per-
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FIG. 1. Schematic diagram of the surface geometry for
~lll~v(11o)-p(1X 1)-Sb(1 ML) and definition of the structural
parameters. (a) Side view. (b) Top view.
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pendicular to the (110) surface of the two Sb atoms, b, , ~,
is the one most accurately determined by ELEED (to
within +0.05 A). No detailed ELEED intensities analy-
ses of InP(110)-p(1 X 1)-Sb(1 ML) have yet been pub-
lished, although some limited photoemission measure-
ments are available. ' Extensive angle-resolved photo-
emission spectroscopy (ARPES) studies are required in or-
der to assess surface atomic geometries, however, because
only the energy spectrum of surface states far away from
the center of the two-dimensional Brillouin zone depends
in a sensitive way on the atomic surface relaxation. ' For
example, in the case of the surface-state eigenvalue spectra
associated with the clean (110) surfaces of III-V semicon-
ductors, it was found' that the energy at the corner of the
surface Brillouin zone of the topmost occupied surface
state was quite sensitive to the position of the top-layer
atoms perpendicular to the (110) surface, but fairly invari-
ant with respect to their coordinates parallel to the sur-
face. Suitable data are not yet available for any of the
systems which we examine.

We present herein a comprehensive systematic study of
the electronic, atomic, and chemical structures of ordered
monolayers of Sb on the (110) surface of III-V zinc-blende
structure compound semiconductors. Among the various
semiconductor systems for which the chemisorption of Sb
has been studied, GaAs(110) and InP(110) are the ones
where both experimental data arid theoretical analyses are
most extensive, although still fragmentary. Conse-
quently, we limit our study to the systems
Gatv(110) p(IXI)-Sb(1 ML) and InAv(1?0) p(1X1)-
Sb(1 ML), where Av is a column-V element, namely P,
As, and Sb. The major unexpected prediction of our
analysis is that of a new type of hybrid chemical bond re-
sponsible for the bonding of the chemisorbed Sb chain
onto the underlying substrate. This type of bonding is not
present in either bulk III-V semiconductors or molecular
III-V analogs, and hence seems to be a uniquely surface
phenomenon resulting from the geometrical constraints
which epitaxial growth of the Sb rnonolayer places upon
the formation of chemical bonds.

The paper is organized into four parts. In Sec. II we
present the theoretical formalism and the computational
tools used for the determination of the atomic structures
by total-energy minimization and- for the calculation of
the surface-state eigenvalue spectra by scattering theory.
The major results relevant to the atomic geometries,
surface-state eigenvalue spectra, and chemical bonding of
ordered Sb overlayers are presented in Sec. III. A
synopsis is given in Sec. IV.

II. THEORETICAL METHODS

In this section we describe the theoretical formalism
and the computational tools which we utilize for the
analysis of ordered Sb monolayers on the (110) surfaces of
III-V semiconductors.

A. Tight-binding model:
bulk one-electron eigenvalue spectra

In our calculations we use the first-nearest-neighbor
sp s empirical tight-binding model of Vogl et al., ' be-

cause the addition of an excited s-like state s* to the usual
sp minimal basis set has the effect of reducing the energy
of the indirect conduction-band minimum by coupling to
the antibonding p-like conduction-band states. Conse-
quently, this model reproduces the indirect conduction
band of GaP while avoiding the use of a large number of
adjustable parameters. The tight-binding interactions for
GaP, GaAs, GaSb, InP, InAs, and InSb are given in Table
I using standard notation. ' ' The bulk energy bands for
all six substrate materials predicted by this model are, of
course, identical to those given in Ref. 18, where they are
compared explicitly to pseudopotential calculations and
selected experimental measurements.

B. Total-energy minimization

The atomic geometries of ordered Sb monolayers on the
(110) surfaces of Ga—Av and In—Av were determined via
total-energy minimization procedures within the empirical
sp s tight-binding formalism outlined above. The
theoretical framework has been described elsewhere and
applied to the determination of the atomic structure of
various clean semiconductor surfaces. ' Within this
model the variation of the total energy associated with
atomic displacements is given by

b,E„,g —— g b,E„(k)+g g U epJ,
nk

OCCuPIed

in which the first term on the right-hand side of Eq. (1)
represents the contribution due to the band-structure ener-
gy, while the second term is an empirical correction for
the double counting of electron-electron interactions in
the band-structure energy and includes the ion-ion in-
teraction energy.

The E„(k)comprise the eigenvalue spectrum associated
with one-electron states

~

nk) calculated using the model
described in Sec. IIA. The quantity e,z is the fractional
change in bond length between the atoms labeled i and j
with respect to the bulk value. In the summation of the
second contribution, we retain only up to quadratic terms
(m =1,2) in the fractional bond-length changes e;J. The
empirical elastic constants Um are determined, for the
III-V substrates, by adjusting them to fit bulk elastic
moduli and phonon frequencies and by requiring that
AE„„~has no contribution from linear terms in the atom-
ic displacements. The parameters U~ and U2 for all of
the six substrate materials also are given in Table I. The
determination of these parameters and the application of
the sp s* model to predict atomic geometries constitute
exterisions of the models developed earlier by Vogl et al. '

and by Chadi, ' respectively.
The variation in the one-electron eigenvalue spectrum

E„(k)resulting from atomic displacements is calculated
by assuming a d dependence of the transfer tight-
binding interactions on first-nearest-neighbor distance,
d. ' ' ' This approximation has proven to be useful for
predicting changes in band-structure energy associated
with atomic displacements in agreement with more com-
plete self-consistent pseudopotential calculations.

The total-energy-minimization calculations described
above are performed using a finite slab, periodic in two di-
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TABLE I. Empirical tight-binding interactions as obtained from Ref. 18 for the sp s model. The index 1 (2) refers to the anion
(cation). The notation is that used by Chadi (Ref. 19) rather than by Vogl et al. (Ref. 18). The empirical parameters U~ and U2 ob-
tained by fitting bulk elastic moduli and phonon frequencies using the sp s tight-binding model, also are indicated. Units are eV.

Tight-binding
interactions

E,[ 1]
E.[2]
E,~[1]
E,~[2]
E~[l]
E~[2]
V„[1,2]
V~ [1,2]
V~ [2, 1]
V ~ [1,2]
Vg [2, 1]
V~~ [1,2]
V~~ [1,2]

GaP

—8.112
—2.198

8.515

7.185

1.125
4.115

—1.868
1.852
2.736
2.015
2.206

3.106
—0.746

GaAs

—8.343
—2.657

8.591

6.739
1.041
3.669

—1.613
1.940
2.504
2.097
2.082

3.028
—0.781

Gasb

—7.321
—3.899

6.635

5.985

0.855
2.915

—1.539
2.148
2.021
2.161

1.826

2.459
—0.637

InP

—8.527
—1.483

8.264

7.067

0.873
4.047

—1.340
0.964
2.417
1.499

1.941

2.586
—0.588

InAs

—9.538
—2.722

7.410
6.740

0.910
3.720

—1.401
1.314
2.355
1.461

1.693

2.695
—0.657

InSb

—8.016
—3.464

6.454

5.936
0.674
2.916

—1.380
1.640
1.987
1.544

1.474

2.289
—0.619

U[
Up

—18.55
59.08

—17.79
56.50

—15.84
52.64

—13.89
50.98

—14.27
48.87

—13.18
47.52

mensions, to simulate the semi-infinite solid. The slab
method is also commonly used within the empirical
tight-binding framework for the calculation of surface-
state eigenvalue spectra. Diagonalization of the tight-
binding slab Hamiltonian yields the one-electron energy
eigenvalue spectrum E„(k),which appears in Eq. (1).
Surface states can be identified by studying the localiza-
tion of the resulting one-electron states

~

nk &.

In the present work, however, we determine only the
atomic geometries by use of the slab calculations
described above. These geometries are used as inputs for
the evaluation of surface-state eigenvalue spectra as
described in the following section. Although localized
surface bound states are easily identifiable and accurately

.described within the slab method, surface resonances are
not. In order to identify surface resonances and to incor-
porate explicitly the semi-infinite nature of the physical
system, we adopt the scattering theoretical method
(STM) for the calculation of surface bound states and res-

onances. The same tight-binding sp s* model (given in
Table I) is utilized in our calculations of both the atomic
geometries and the surface-state eigenvalue spectra.

C. Surface-state eigenvalue spectra

Our calculations of the surface-state eigenvalue spectra
associated with ordered Sb monolayers on the (110) sur-
face of Ga—Av and In—Av are performed using the
geometries determined by the total-energy minimization
procedure outlined in Sec. II B. These spectra are
evaluated via an analytic Green's function methodology
which embodies the STM. ' We next briefly outline the
formalism. The interested reader should consult Sec. II A
of Ref. 26 for a more detailed description.

The ideal crystal bulk Green's function G (xx';kll, E) at
a given parallel wave vector k~~, and energy E is written,
in the analytic representation, as

[ x;kllkg & (x',kllkg
'

i I
x kllk~ & &x'kllk~ '

IG (xx', kll, E)= 2vri g — e(x —x' ) —g e(x' —x )
v3(kllkg )

v3(kllkg) = E(kl
1

~k 3 )

Bk3 k3 ——kg

The solutions I k~j are divided into two groups:~7

where
~
x;kllk~ & is a bulk Bloch solution to Schrodinger s

equation associated with a (real or complex) wave vector
kg —kl

l
+x3kg with kl

l

in the plane of the surface and
x3k~ normal to the plane of the surface. The component
of the group velocity in the direction normal to. the sur-
face, v3(kllk~), is defined as

k~+ complex: 1m[k~ ] ~0,
k;+ eal: v, (k, lk„-+)&~O.

(4a)

(4b)

av kll cr &
= g exp(ikll R

R(i

The unit step function e(x 3 ) is defined such that
e(o) =-,'.

In order to calculate the Green's function G (xx', kll, E)
we expand the bulk Bloch states ~x;kllkq& in terms of
planar orbitals,

~
av;kl l, o &, i.e.,
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in which a labels the orbital symmetry (a =s,p„,pz,p„s*),
v labels the atomic plane (v= anion, cation), and cr labels
the layer. The vector R~~ is the two-dimensional lattice
translation vector and

~
av;Riio ) designates a local orbi-

tal. From these planar orbitals, we construct Bloch sums
associated with wave vector k~ ——k~~+x3kg via

1
~

av, kiikg) = y exp(jkggg)
~
av;kii, cr),

in which a is the interlayer spacing, and X is a normaliza-
tion constant. Finally, the bulk Bloch solutions

~
x;kiik~ )

are written as a linear combination of Bloch sums:

[ x;kiik, &
= g C(av;kiik, ) [ av;kiik, &

av

= g C(av;kllk~)

1
X +exp(ik~cra)

~
av;kii, o), (7)

in terms of the set of planar orbitals
~
av;kii, o ). The ex-

pansion coefficients C(av;kiik~) are evaluated by using a
transfer-matrix methodology ' that produces the bulk
solutions to Schrodinger equation for complex k via the
solution of an eigenvalue problem. The analytic Green's
function can then be written in the planar orbital repre-
sentation I ~

av;kii, o ) I
as"

o . . . C(av;kiikg )C*(a'v';kiik~+* )G (av;a'v';o cr';k—ii,E)= 2~i —g exp[jk~+(a g )g]e(a a )
v3(kiikg+ )

C(av
k ilk ~ )C (a v

k ilk exp[ik ~ (cr —cr')a ]e(o' —o')
v3(kiikg )

det[1 G(E)U] =0 . — (1 la)

Similarly, surface resonances can be identified by the total
change in the density of states

b, &(E)=—TrI Im[G(E) —G (E)]j . (1 lb)

We adopt, however, the effective Hamiltonian method

where o(o') labels the layer, v(v') labels the atomic plane
within the layer, and a(a') labels the orbital symmetry
type.

The Hamiltonian for the overlayer system, H, is related
to the Hamiltonian of the perfect crystal, Ho, by

H =Ho+ U,
where U is the perturbation matrix that formally de-
scribes the creation of the surface, the formation of the
monolayer system, and the surface atomic relaxation.
The Green's function of the perturbed (overlayer) system,
G(E), is related to the bulk Green's function G (E) by
Dyson's equation

G(E)=G (E)+G (E)UG(E)=[1 G(E)U] 'G (—E) .

(10)

The perturbation matrix used within the scattering
theoretical method is obtained in three steps: (i) cleavage
of the crystal along a (110) plane, (ii) replacement of the
topmost layer by a monolayer of Sb atoms, and (iii)
geometrical relaxation of the surface atom according to
the total-energy minimization results. The formal appli-
cation of the STM, applied here to overlayer systems, is
described in Refs. 26 and 29.

Once the Green's function for the perturbed system
(i.e., overlayer) and the perturbation matrix are known,
the energies E of a bound surface state are determined by
the solutions to

A,;(E)=E . (13a)

In the bulk energy bands, the eigenvalues A,;(E) are com-
plex and the condition for a surface resonance at the ener-

gy Eis

Re[A,;( E)] = E. (13b)

Thus, the analytic Green's function and the effective
Hamiltonian provide a convenient framework for the
computation of surface bound states and surface reso-
nances that is technically superior to conventional slab
methods.

D. Extension to Sb overlayers

The sp s' tight-binding model has been applied to in-
terpret successfully data on bulk point defects, bulk,
and surface core excitons, and semiconductor surface
states. More recently it has been utilized to predict the
structural phase transitions of the Si(100) surface as a
function of temperature. Of most importance from our
perspective, the model has been shown to provide atomic
surface structures for the clean (110) surfaces of GaP,
GaAs, GaSb, InP, InAs, and InSb in quantitative agree-

developed by Beres et al., in order to locate surface
bound states and surface resonances. This method has al-
ready been applied by these authors to the (110) surfaces
of III-V semiconductors. ' ' In this method, an effective
Hamiltonian H,rf(E) is defined by

E H, ff(E)=G—(E) ' —U,
where G (E) is the bulk Green's function in the subspace
of the perturbation. Let the eigenvalues of H,ff(E) be
A.;(E). In the energy-band gap, the eigenvalues A,;(E) are
real and the condition for a surface bound state of energy
Eis
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(14)
where a,a' label the orbital symmetry (s;p„,p~,p, :s*),
~,» —Ga (In) for Sb on GaP, GaAs, GaSb (InP, InAs,
InSb), and gv ——P, As, Sb. We therefore obtain two set of
tight-binding transfer interactions, corresponding to the
Ga—A v and In—A v substrates, respectively. The
Sb—M»& bond lengths are'determined by the sum of the
covalent radii. The Sb—Av bond lengths. were deter-
mined from bulk Sb for Sb—Sb bonds, Sb& As„alloys
for Sb—As bonds, and from the ELEED structure
analysis of InP(110)-p(1X1)-Sb(1 ML) for Sb—P bonds.
The tight-binding transfer matrix elements obtained by
this prescription are given in Table II for
Gatv(110)-p(1X 1)-Sb(1 ML) and in Table III for
I»Av(110)-p(1X1)-Sb(1 ML). The on-site energies (E„
E,*, Ez) for Sb were taken to be those of GaSb (InSb) for
Sb on GaP, GaAs, and GaSb (InP, InAs, and InSb).
These energies are given in Table I. We have tested this
scheme by scaling the transfer matrix elements in dif-
ferent fashions. Numerical tests reveal that the resulting
surface atomic geometries are in qualitative correspon-
dence to the ones obtained using the simple d scaling
law described above. Therefore the results given in Tables

TABLE II. Empirical tight-binding transfer interactions be-
tween Sb and the substrate column-V element for
Gad'(110)-p(1 X 1 )-Sb(1 ML). dp designates the Sb—3& bond
length. The index 1(3) refers to the column-V element (Sb). The
notation is that of Chadi (Ref. 19). The empirical parameters
UI and U2, obtained from a SbA&H6 cluster calculation, are
also indicated. Units for the interactions are eV and for the
bond lengths are A. The Sb—Cra bond length is taken to be 2.65
A.

Tight-binding
interactions

V„[1,3]
V~ [1,3]
V~ [3,1]
V g [1,3]
V~ [3,1)

V~~ [1,3]
V~~ [1,3]
U)
U2

Gp

Sb—P

—2.428
3.188
3.388
3.409

2.880

3.879
—1.005

—19.36
59.08
2.11

Sb—As

—1.649
2.166
2.302
2.316
1.957
2.635

—0.683
—17.70

56.50
2.56

Sb—Sb

—1.312
1.777
1.777
1.700
1.700

2.096
—0.543

—14.92
52.64
2.87

ment with dynamical analyses of measured ELEED interi-
sities. In every empirical analysis, however, the question
of determining the parameters is a delicate one, and the
present tight-binding model is no exception. Within the
present calculation, the tight-binding transfer matrix ele-
ments between the two Sb atoms of the overlayer and be-
tween the Sb atom and the column-V element of the sub-
strate are unknown. To obtain the first-nearest-neighbor
transfer interactions, we scale the interactions of GaSb
(for Sb on GaP, GaAs, and GaSb) and those of InSb (for
Sb on InP, InAs, and InSb) by a d scaling law. There-
fore we obtain the transfer matrix elements

'2
d(Sb—M»i)V(aa', Sb—Av) = V(aa', Sb—Mt» )
d Sb—Av

TABLE III. Empirical tight-binding transfer interactions be-
tween Sb and the substrate column-V element for
InA&(110)-p{1&1)-Sb(1ML). dp designates the Sb—A~ bond
length. The index 1(3) refers to the column-V element {Sb). The
notation is that of Chadi (Ref. 19). The empirical parameters
UI and U2, obtained from a SbA~H6 cluster calculation. , are
also indicated. Units for the interactions are eV and for the

0
bond lengths are A. The Sb—In bond length is taken to be
2.81 A.

Tight-binding
interactions Sb—P Sb—Sb

V„[1,3] —1.663
V~ [1,3] 1.976
V~ [3,1] 2.394
V g [1,3] 1.860
V g, [3,1] 2.614 1.447

V~~ [1,3] 2.758
V~~ [1,3] —0.746
U[ —16.91
U2 48.87
Gp 2.56

Sb—As

—1.323
1.738
1.738
1.447

—.2.448
2.909
3.524
2.738

1.776
4.060

—1.098
—18.55

50.98
2.11

2.194
—0.593

—14.21
47.52
2.87

II and III seem adequate for our purposes.
In order to determine the empirical elastic parameters

U for the Sb—Av bonds, we performed a SbAvH6 clus-
ter calculation assuming tetrahedral bonding. The elastic
parameter UI is then determined by varying the length of
the Sb—A v bond and requiring that the resulting changes
in the total energy do not contain any linear term in the
fractional bond-length changes, e. To perform this calcu-
lation, the energy eigenvalue spectrum of the cluster is
determined by using the same set of on-site parameters for
the column-V element corresponding to a given substrate,
i.e., Ga—Av and In —Av parameters for Ga and In com-
pounds, respectively. The empirical tight-binding param-
eters corresponding to the Sb—Av interactions are given
according to the scaling law Eq. (14). The value of U2
was taken to be equal to that of the substrate.

Due to the somewhat arbitrary nature of the scaling re-
lation Eq. (14), the resulting surface structures cannot be
regarded as quantitative predictions since their details de-
pend on the value of the input parameters. Numerical
tests reveal that an increase of 15/o in the value of the
tight-binding parameters associated with the Sb—Av in-
teractions translates in an increase of the structural pa-
rameter AI z by as much as about 70% to 80% for the
Ga—Av substrates and about 40% to 45% for the In—Av
substrates. Therefore, in view of the fact that Eq. (14) is
dependent on the input value of the Sb—Av bond length,
the quantitative details of the resulting structures are pa-
rameter dependent. Although these observations suggest
caution in evaluating the quantitative validity of our sur-
face structure predictions, they do not influence in any
important way our interpretation of the nature of the
chemical bonding. Furthermore, the surface-state eigen-
value spectra shown below are nearly invariant with
respect to variations in the quantitative structuraI details
of the sort considered here for a given type of class of
structure.
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E. Computational details

The minimization of the total energy is performed on a
slab of 14 atomic layers periodic in two dimensions. Re-
laxation within the outermost three layers is included in
the model. The calculational procedure follows that out-
lined by Chadi. ' The major innovation relative to earlier
calculations '. is the use of an automatic Hellmann-
Feynman gradient program" to locate the minimum-
energy structure automatically rather than to search the
surface-geometry parameter space manually.

The starting structure is obtained from the ELEED in-
tensity analysis of Ref. 8, i.e., Sb atoms are substituted for
the top-layer anion and cation on an unreconstructed (110)
surface. This structure is referred to as model 2 in Ref. 1,
and is shown in Fig. 1. Although we also searched for
minimum-energy structures corresponding to different at-
tachments of the Sb chains on the substrate (specifically
model 1 in Ref. 1), we find that the minimum-energy
structures always are of the type suggested by the ELEED
analysis of Ref. 8. This result is invariant under the small
changes in model input parameters discussed in Sec. II D.

Given the minimum-energy surface atomic geometries,
the surface-state eigenvalue spectra of both the clean and
Sb covered (110) surfaces are evaluated as described in
Sec. IIC. Since second-layer relaxations are generally
small, the perturbation matrix is taken to affect only the
two top layers in the calculation of the surface-state eigen-

values spectra. The surface-state energy dispersions are
obtained directly by locating the surface bound states and
surface resonances at various points of the two-
dimensional Brillouin zone via the effective Hamiltonian
method described at the end of Sec. II C. Verification of
the energies of the surface bound states is done by inspec-
tion of the orbital-resolved local density of state obtained
directly from the Green's-function matrix. Detailed
understanding of the bonding and antibonding nature of
the surface states can only be achieved, however, by
analysis of the energy eigenvectors associated with the
slab Hamiltonian. With the combined use of the analytic
Careen's-function method and the slab Hamiltonian, we

are able both to locate accurately the surface-state energies
and to obtain direct access to the orbital character of the
energy eigenvectors.

IH. RESULTS

In this section we present our predictions of the atomic
and electronic structures of ordered Sb monolayers on the
(110) surface of III-V semiconductor compounds. We
proceed in four steps. First, in Sec. IIIA we present the
atomic geometries as determined via our total-energy
minimization scheme within the tight-binding model out-
lined in Secs. IIA and IIB. Second, in Sec. IIIB we ex-
amine the surface-state eigenvalue spectra obtained for the
minimum-energy geometries. The nature of the chemical
bonding responsible for the bonding of the Sb chain to the
underlying substrate is interpreted in the light of the re-
sults for the atomic structure and the associated surface-
state eigenvalue spectra. Comparisons with the surface-
state eigenvalue spectra associated with the clean (110)
substrates are presented in Sec. IIIC. Finally, we corre-
late the predicted atomic structures of the Sb overlayers
with the measures of the electronic inequivalence of the
substrate anion and cation, as well as with the minimum-
energy surface bond lengths.

A. Atomic geometries of Sb overlayers

The structural parameters characterizing the atomic
geometries of ordered Sb overlayers on the (110) surface
of III-V compounds are defined in Fig. 1 and specified in
Table IV. The experimental results obtained by ELEED
intensity analyses also are given in Table IV for the two
cases 'in which they are known, i.e.,
GaAs(110)-p(1 X 1)-Sb(1 ML) (Ref. 8) and InP(110)-
p ( 1 X 1)-Sb( 1 ML) (Ref. 41).

The relative displacement of the two Sb atoms perpen-
dicular to the (110) surface, b, ~ q, is determined to within
+.0.05 A by dynamical analyses of ELEED intensity data.
Table IV reveals that the values of b

~ j predicted by our
calculation are in quantitative correspondence with those
obtained via ELEED data analyses for both

TABLE IV. Structural parameters predicted for the atomic geometries of
Mjq&Av(110)-p(1&1)-Sb(1 ML) systems defined in Fig. 1. The values inclosed in parentheses were
determined via ELEED for GaAs(110)-p(1&(1)-Sb(1 ML) (Ref. 8) and for InP(110)-p(1)&1)-Sb(1 ML)
(Ref. 41). Units are A and ao is the bulk lattice constant of the substrate.

ao

A&y

d12,i

d12,y

52y

GaP

5.451
0.34

1.89

2.12

3.91

0.00

1.36

GaAs

5.654
0.09
(0.10+0.05)
1.87

(1.96+0.3 )

2.29
(2.39+0.1)
4.39
(4.62+0.3)
0.08
(0.10+0.05 )

1.42
(1.41+0.3 )

CsaSb

6.118
0.07

1.80

2.25

4.73

0.18

1.57

InP

5.869
0.57
(0.70+0.1)
2.02
(1.98+0.3)
2.23

(2.43+0. 1 )

4.00
(4.46+0.3 )

0.09
(0.00+0. 1 )

1.47
(1.47+0.3 }

InAs

6.036
0.22

1.76

2.23

4.34

0.20

1.54

InSb

6.478
0.13

1.68

2.21

4.74

0.20

1.68
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GaAs(110)-p(1 X 1)-Sb(1 ML) and InP(110)-p(1 X 1)-
Sb(1 ML). The values of the top-layer shear vector lk& for
the Sb overlayers on GaP, GaSb, InAs, and InSb remain
predictions to be tested by subsequent structure analyses.

The remaining structural parameters are less accurately
determined by the ELEED structure analyses. Moreover,
the predictions of our tight-binding model are sensitive to
the (imprecisely known) input values of the Sb-cation and
Sb-anion bond lengths. The former are probably close to
their values in GaSb and InSb. The latter, however, are
less well known, especially for the Sb—P bond, so that the
model predictions are uncertain to within several tenths of
an angstrom. Given a (conservative) +0.2 A estimated
uncertainty in the model predictions, the correspondence
specified in Table IV between the predicted and measured
structures is quantitative, i.e., within the combined
theoretical-experimental uncertainties. The situation for
GaAs is better than that for InP, in that the magnitude of
the differences between the predicted and measured

O.I4

O.I2—

structural parameter lie within uncertainties inherent in
the ELEED analysis alone. Also, the Sb—As bond
lengths may be estimated independently from Sb& „As„
alloys, whereas the Sb—P bond length must be extracted
from the ELEED intensity analysis, itself.

We next examine the sensitivity of the total-energy
minimization procedure to the magnitude of the structur-
al parameters characteristic of the Sb overlayer. We study
the changes in total energy resulting from various dis-
placements of the top-layer Sb atoms with respect to their
minimum-energy configuration, limiting our attention to
the structural parameters A~ j, d &2 j, and 5& ~. The
structural parameters Al z and d&2 z are most accurately
determined by ELEED, whereas A&~ is most precisely
determined by ion channeling. For each substrate com-
pound, the changes in total energy, AE„„~,were calculat-
ed as a function of the variation of the associated
structural parameter from its minimum-energy value
given in Table IV. We obtain a universal behavior of

O.I4,
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FIG. 2. Variation in total energy hE«„~as a function of changes in the structural parameters with respect to their minimu-
energy value as given in Table IV for GaAs(110)-p(1~1)-Sb(1 ML). (a) hi &. (b) di2, ~. (c) h~,„.The origin on the x axis represents
the minimum-energy configuration. Also shown is a schematic representation of the atomic motions involved in each case.
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AE„„~,as a function of atomic displacements about their
equilibrium position, that scales as the lattice constant of
the substrate. Consequently, we display only the results
for GaAs(110)-p(1 X 1)-Sb(1 ML).

In Fig. 2 the changes in total energy are plotted as a
function of the variations in the structural parameters
6 j j d ]2 J and 6

& ~ about their minimum-energy values
for GaAs(110)-p(1&& 1)-Sb(1 ML). As noted by Chadi, '

variation in E„„~of the order of 0.01 eV/surface atom is
the limit of the intrinsic accuracy of the present tight-
binding model. From Fig. 2 we see that variations of the
atomic coordinates of the top-layer Sb atoms with respect
to their minimum-energy configurations result in quadra-
tic changes in the total energy. This behavior is built into
our model by adjusting the parameters U~ and U2 such
that AU cancels the linear term in the variation of the
band-structure energy. Figure 2 demonstrates that the
predicted geometries correspond to local minimum-energy
configurations. The total energy of the system is more
sensitive to variations in d, 2 ~ than it is to variations of

J and 6 ~ ~, because variations in d &2 z result in pri-
marily bond-stretching motions, whereas variations in

and 6& ~ result predominately in bond-bending
motions. We see from Fig. 2 that the uncertainty in the
model predictions (for fixed input bond lengths) is ap-
proximately +0.1 A: an uncertainty which must be add-
ed to that caused by imprecise knowledge of the surface
bond lengths.

p
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p +

p +
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B. Surface-state eigenvalue spectra

We have calculated the surface-state eigenvalue spectra
associated with ordered Sb monolayers on the (110) sur-
faces GaP, GaAs, CiaSb, InP, InAs, and InSb. An under-
standing of the chemical bonding of ordered Sb mono-
layers to the substrate cannot be achieved, however, from
these results alone. Rather we must begin with a study of
the electronic structure of single p -bonded isolated chain
of Sb atoms. In Fig. 3 we show the energy eigenvalue
spectrum of a single Sb chain as well as the orbital char-
acter associated with different energy eigenstates, at
k~~=0. The energy eigenvalue spectrum of the isolated
p2-bonded Sb chain reveals three types of electronic states.

First, Fig. 3(c) reveals the existence of nonbonding
states. These include the totally symmetric (s+) and an-
tisymmetric (s ) s-like occupied lone-pair states. Our
model also predicts totally symmetric (s'+) and antisym-
metric (s* ) unoccupied s*-like lone pairs emanating
from the (unoccupied) s' atomic orbitals. These s-like
(s*-like) states lie at low (high) energy. Since both the
s+(s*+) and s (s ) states are occupied (unoccupied)
they do not contribute to the bonding of the Sb atoms in
the chain. Their energy and dispersion are perturbed very
little by the substrate.

Second, Fig. 3(b) reveals the existence of bonding and
antibonding p states in the plane of the chain. These in-
clude occupied bonding (p„and p» ) and unoccupied an-
tibonding (p„+and p»+) states that either generate a nodal
plane between the Sb atoms (antibonding p„+and p»+) or
not (bonding p and p» ). As k~~ is varied from I to X,
i.e., along the chain direction, the occupied bonding states

-8.00-

$+ -12.00 — S+[S,]

-16.00
r

(c)

X'

(p„and p» ) mix together in such a way as to preserve a
bonding character with high electronic density between
the Sb atoms. Similarly, for k~~ varying from I to X, the
unoccupied antibonding states (p„+and p»+) mix together
while retaining an antibonding character with low elec-
tronic density between the Sb atoms. The bonding states
are primarily responsible for the p bonding of the Sb
atoms in the plane of the chain. Their participation to the
bonding of the chain to the substrate is limited and, as for
the s-like lone pairs, they are only slightly affected by the
substrate.

FIG. 3. Energy dispersion relation for a single isolated Sb
chain mapped onto the zinc-blende (110) surface Brillouin zone.
The orbital character of the energy eigenstates at k~~ =0 is indi-
cated schematically. Hatched and open areas indicate positive
and negative contours, respectively. (a) Energy dispersion rela-
tion for bonding (p, ) and antibonding (p, ) ~-electron states.
These states are only half occupied for the (metallic) isolated

p -bonded Sb chain. The dashed line indicates the position of
the Fermi level EF. (b) Energy dispersion relation for bonding

(p~ and p~ ) and antibonding (p+ and p~+) states in the plane
of the chain. (c) Energy dispersion relation for symmetric (s+)
and antisymmetric (s ) nonbonding s-like lone pairs. The inset
shows the (110) surface Brillouin zone.
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T»«, »g. 3(a) reveals the existence of bonding hand zn
tibonding m. stores normal to tke chain .These include
bonding (p ) and antlbondlng (p ) states that either gen-
erate a nodal plane between the Sb atoms (antibondin

+
1ng

p, ) or not (bonding p, ). These m-bonding states lie in
an energy range above the occupied p bonding states in

the plane of the chain (p„and p~ ) and below the unoc-
cupied p antibonding states (p„+and p~+). They are pri-
marily responsible for the bonding of the Sb chain to the
substrate because their charge distributions overlap with
those o the dangling bond orbitals of the nearly unrecon-
structed substrate. These states lie in an energy range
close to the valence-band edge (bonding to the substrate)
and to the conduction-band edge (antibonding to the sub-
strate). They are only half occupied for the isolated p-
bonded Sb chain.

The alteration of the Sb-chain states when the chain is
bonded to a GaAs(110) substrate is indicated in Fig. 4(a)
and the orbital character of selected surface states at the
X point are schematically depicted in Fig. 5. Comparison
with Fig. 3 permits the identification of the origin of the
top-layer Sb-derived surface-state bands for GaAs(110)-
p(1X 1)-Sb(1 Ml. ).

The occupied surface states S~ and Sz correspond to
the nonbonding symmetric (s+) and antisymmetric (s )
s-like lone pairs within the Sb chain. These nonbondin
states lie in an energy range within the heteropolar gap or
close to it for most of the III-V substrates.

The occupied surface states S3 and S„areassociated
predominately with the p -bonding states (p„andp ) in
the le p ane of the Sb chain. They accumulate electronic

an p~ I
charge density between the Sb atoms within the chain,
and, as noted above, are responsible for the p bondin in

e p ane of the chain. The energy of these states is such
1ng 1n

that they are located near the top of the stomach gap of
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. FIG. 4. Energy dispersion of surface bound states and reso-
nances. (a) GaAs(110)-p(1)& 1)-Sb(1 ML). Sb-derived surface
states are denoted by S„andindicated by @ dashed. line, whereas .

substrate-derived states are denoted by A„and C„and indicated
by a dashed-dotted line. (b) Clean GaAs(110).
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FIG. 5. Expanded version of the I -X dispersion line in Fig.
4(a) together with a schematic indication of the orbitals associat-
ed with the surface states Sq, S6, S7, and S8 at X
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the projected band structure. The unoccupied antibonding
combinations (p„+and p„+)lie much higher in energy and
are not shown. Some hybridization of the surface states
S3 and S4 with the substrate orbitals occurs, ' but the ef-
fect is rather small.

The occupied surface states S5 and S6 are associated
with the ~-bonding states (p,+) normal to the plane of the
Sb chain. These states have a bonding character with
high electronic density between the Sb chain and the sub-
strate. The onoccupied m.-antibonding partners (p, ) of
these states are the surface states S7 and Ss. These m-

antibonding states have a low electronic density between'
the Sb chain and the substrate. Therefore, the bonding of
the Sb chains to the substrate is generated by the mixing
of the m states of the isolated chain with the dangling-
bond orbitals of nearly unreconstructed substrate to form
two occupied bonding surface state ba-nds [states S5 and
S6] and two unoccupied antibonding surface state b-ands

[states Sz and Ss]. The resulting Sb-substrate bonds are
comprised of bonding combinations of sp hybrid orbitals
from the substrate and m.-electron orbitals from the Sb
chain. Thus, they are not conventional sp bonds, al-
though the minimum-energy structure is characterized by
nearly sp bond lengths and angles to the substrate. Such
hybrid bonds are not characteristic of either bulk III-V
compounds or their small molecule analogs. Hence they
seem to exemplify a unique type of surface bonding
characteristic of the M»trav(110)-p(1 X 1)-Sb(1 ML) sys-
tem. The occurrence of such surface bonds resolves the
puzzle noted in the ELEED structure analysis concern-
ing simultaneous occurrence of the p bonding within the
Sb chain simultaneously with sp bond angles of this
chain relative to the GaAs(110) substrate.

From Fig. 5 we see that the topmost occupied surface
state S6 is associated with a bonding combination of the
Sb-Ga charge densities, whereas the higher empty surface
state S8 corresponds to an antibonding combination of the
Sb-Ga charge densities. Similarly, the lower occupied sur-
face state S~ is associated with a bonding combination of
the Sb-As charge densities, whereas the bottommost emp-
ty surface state S7 corresponds to an antibonding com-
bination of the Sb-As charge densities. Simpler tight-
binding models have been utilized to predict that the en-

ergy eigenstate associated with the Sb—As bond lies lower
in energy than the energy eigenstate associated with the
Sb—Ga bond. This result is in agreement with ours, al-
though the energies of the predicted eigenstates are some-
what different than the ones reported here.

As in the case of the single isolated p -bonded Sb chain,
the surface-state energies show appreciable dispersion for
k~

~

going from I to X along the chain direction, but no or
little dispersion for k~~ going from X to M, perpendicular
to the chain axis. In the case of an isolated Sb chain there
is a symmetry-induced degeneracy of the surface states for
k

~

going from X to M due to the electronic equivalence
o the two Sb atoms within the chain. If the two Sb
atoms within the chain are electronically inequivalent, as
occurs upon adsorption on a M»qAv(110) substrate, the
resulting projected band structure exhibits an energy split-
ting of the surface states for k~~ along the X-M direction
due to the polarity of the substrate. This result is evident

in Fig. 4(a).
Our results for the surface-state eigenvalue spectrum

for GaAs(110)-p(1X1)-Sb(1 ML) are in good agreement
with the self-consistent pseudopotential calculations of
Bertoni et a/. ' which yield the surface-state eigenvalues at
symmetry points of the (110) surface Brillouin zone. The
geometry of the ordered Sb overlayer used by these au-
thors is that determined by ELEED, however, whereas
we used the geometry determined by our sp s tight-
binding total-energy minimization procedures. Since
these geometries for the ordered Sb overlayers are essen-
tially the same, (column 3 of Table IV), we expect the two
calculations to agree well with each other, which they do.
Our interpretation of the origins of the various Sb-derived
surface-state bands differs, however, from that proposed
in Ref. 16, in the cases of states S3, S4, S5, and S6. Since
by using a tight-binding model we have direct access to
the orbital character of the energy eigenvectors, we veri-
fied explicitly that S3 and S4 are predominately occupied
intrachain Sb p -bonding orbitals, rather than the back-
bonding hybrids proposed in Ref. 16. These orbitals do
exhibit some back-bonding hybrid character, especially at
the symmetry points X and M, but the coefficients of
these components of their wave function are small relative
to those for the intrachain p bonding. The major occu-
pied back-bonding surface states are S5 and S6, as illus-
trated in Fig. 5. The detailed nature of these orbitals is, of
course, a function of k~~. They reduce to the form shown
in Fig. 5 of Bertoni et al. ' at X ' although the labels of S5
and S6 seem to be interchanged at that symmetry point in
Ref. 16. The orbital character of each surface energy
eigenstate at various symmetry points has also been iden-
tified by inspection of symmetry- and layer-resolved local
density of state as calculated via the analytic Green's-
function methodology (Sec. II E).

Having verified that our model predictions are compati-
ble with the pseudopotential calculations for
GaAs(110)-p(1X1)-Sb(1 ML), we proceeded to evaluate
the Sb-induced surface-state bands for the other Ga and
In compounds. In panel (a) of Figs. 6—10 we display the
energy dispersion of the surface states, projected onto the
(110) surface Brillouin zone, of the overlayer systems
MmAv(110)-p(1 X 1)-Sb(1 ML) for GaP, GaSb, InP,
InAs, and InSb, respectively, as the substrate. In each
case the atomic structure used in the calculation of the
surface-state eigenvalue spectrum is that defined by the
set of structural parameters shown in Table IV. The re-
sults for all six surfaces are qualitatively similar, and
display the same characteristics as those discussed above
for GaAs.

The notation used to label the surface states of the over-
layer systems M»trav(110)-p(1X1)-Sb(1 ML) is that of
Ref. 16, with S„,2„,and C„denoting a surface state as-
sociated primarily with the overlayer Sb atoms, the sub-
strate anion, or the substrate cation, respectively. For
comparison purposes, we present the predicted surface-
state dispersion relations for each of the clean (110) sub-
strates in panel (b) of Figs. 4 and 6—10. We present a dis-
cussion of the distinguishing features between the elec-
tronic spectra of the Sb overlayers and those of the (110)
surfaces of the clean substrates in the next section.
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FIG. 6. 6. Energy dispersion of surface bound states and reso-~ ~

nances. (a) CraP(110)-p(1 & 1)-Sb(1 ML). Sb-derived surface
states are denoted by S„andindicated by a dashed line, whereas
substrate-derived states are denoted by A„and C„and indicated
by a dashed-dotted line. (b) Clean GaP(110).
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FIG. 7. Ener gy dispersion of surface bound states and reso-
nances. (a) GaSb(110)-p(1)& 1)-Sb(1 ML). Sb-derived surface
states are denoted by S„andindicated by a dashed line, whereas
substrate-derived states are denoted by A and C d
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by a dashed-dotted line. (b) Clean CsaSb(110).

Another result of our systematic study of Sb overlayer
systems is that, for all substrates except GaP(110), no oc-
cupied surface bound states are predicted to lie within the
undamental energy-band gap. For all overlayer systems

studied, the maximum energy of the topmost occupied
surface state S6 is predicted to occur at 1 with a down-

ward energy dispersion along the I ~X and I ~X' sym-
metry lines.

For. most substrates, the topmost occupied surface st tesae
6 ss predicted to be in resonance with the bulk bands

with a maximum energy slightly below the valence-band
maximum at I . In the case of GaP(110)-
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FIG. 9. Energy dispersion of surface bound states and reso-
nances. (a) InAs(110)-p(1)& 1)-Sb(1 ML). Sb-derived surface
states are denoted by S„andindicated by a dashed line, whereas
substrate-derived states are denoted by A„and C„and indicated
by a dashed-dotted line. {b) Clean InAs(110).

p(1X1)-Sb(l ML), the energy of the topmost occupied
surface state S6 is predicted to lie within the fundamental
energy gap with a maximum energy of approximately 0.1
eV above the top of the valence band at I .

C. Surface electronic states of Sb overlayers
versus clean surfaces

Having determined the origin of the Sb-derived surface
electronic states corresponding to ordered p(1)&1) Sb
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monolayers on the (110) surface of Ga and In compounds,
we now compare their eigenvalue spectra with those asso-
ciated with the corresponding relaxed clean (110) surfaces.
The purpose of this comparison is to identify Sb-derived
surface-state features and to suggest further ARPES ex-
periments for Sb overlayer systems on Ga and In com-

(b)

FICx. 10. Energy dispersion of surface bound states and reso-
nances. {a) InSb{110)-p.(1 &( 1)-Sb(1 ML). Sb-derived surface
states are denoted by S„andindicated by a dashed line, whereas
substrate-derived states are denoted by A„and C„and indicated
by a dashed-dotted line. (b) Clean InSb(110).

pounds. In order to identify the differences between the
surface-state electronic spectrum corresponding to the or-
dered p(1&&1) Sb overlayer and that associated with the
clean (110) surface, we calculated the surface electronic
state dispersion curves corresponding to each of the six
substrates. The atomic relaxations of the clean (110) sur-
faces were determined by the total-energy minimization
scheme employing the sp s* tight-binding model
described in Sec. IIB. A detailed description of the re-
sulting atomic geometries can be found in Ref. 37 along
with a comparison with the structures experimentally
determined via ELEED. Systematic dynamical calcula-
tions of elastic low-energy electron diffraction (ELEED)
on the (110) surface of numerous III-V systems have es-
tablished a common surface reconstruction pattern: the
column-V element (anion) moves away from the bulk to-
wards a pyramidal geometry, whereas the column-III ele-
ment (cation) moves into the bulk towards a planar
geometry. The resulting surface structures are character-
ized by a large relative displacement perpendicular to the
(110) surface of the cation and anion within the outermost
layer b,

& z of the order of 0.6—0.9 A.
The surface-state dispersion curves for the relaxed (110)

surface of all six substrates are shown in panels (b) of
Figs. 4 and 6—10. Direct comparison with the surface-
state eigenvalue spectra of the corresponding Sb overlayer
systems, displayed in panels (a) of these figures are readily
made. The notation for the surface bound states and sur-
face resonances for the clean (110) surfaces is that of
Beres et al. , with A„(C„)denoting states associated pri-
marily with the anions (cations). Our predicted surface-
state dispersion curves and orbital assignments are essen-
tially identical to those of Heres et a/ for the .clean (110)
surfaces of both Ga-Av and In-Av compounds. This is
hardly surprising because both our calculations and theirs
employ the same sp s* tight-binding model and the ana-
lytic Green s-function —effective Hamiltonian computa-
tional procedure, although the surface atomic geometry
used by these authors for all (110) surfaces was a 27.3
bond-length-conserving rotation of the anion out of the
surface plane and the cation into the bulk, rather than the
minimum-energy geometries.

Before comparing the surface-state eigenvalue spectra
of the ordered Sb overlayer system to those of the corre-
sponding (110) clean substrate, it is useful to review the
distinctive features associated with the surface electronic
states of the relaxed (110) surface of III-V compounds.
These features are qualitatively similar for all the clean
(110) surfaces studied here as evident upon comparison of
panels (b) of Figs. 4 and 6—10.

The occupied surface states A2 and C2 are mostly s-
like in character and are localized in the first layer. The
states A

&
and C~ are also mainly s-like in character but

are localized in the second layer. The surface states A3,
A4, A5, and C3 are largely p-like in character. The
highest occupied state A5 is associated with the anion
dangling bond and the lowest empty state C3 is associated
with the cation dangling bond. The occupied state A4 is
associated with the anion back-bonding band. Finally, the
occupied surface resonances A'~ and A2 and the surface
band A3 have mainly p-like character in the plane of the
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(110) surface. They exhibit localization in both the first
and second layers.

The orbital character of the surface electronic states
found here is fully consistent with that reported by Heres
et al. Our surface-state eigenvalue spectra also are in
agreement with self-consistent pseudopotential calcula-
tions in those cases where such calculations have been
performed: i.e., GaAs(110), ' GaP(110), and
InP(110). ' Angle-resolved photoemission spectra have
been obtained for GaAs(110) (Refs. 47—51) and InP(110)
(Ref. 46). Our results are consistent with the qualitative
features of these data, although the surface-state eigen-
value spectra extracted from the data are not identical in
detail from one report to another. ' Quantitative
descriptions of selected results can be achieved for
GaAs, ~ ZnSe, and InP [i.e., compare Fig. 8(b) with Fig.
11 in Ref. 46].

Finally, we turn to the distinction between the electron-
ic surface band spectra of the p(1X 1) Sb overlayer sys-
tems and those of the clean (110) surfaces on which the
overlayers are deposited. . The individual distinguishing
features can be identified by comparing panels (a) and (b),
respectively, of Figs. 4 and 6—10.

The outstanding characteristic of p(1 X 1) Sb overlayers
on (110) zinc-blende structure substrates is their genera-
tiori of a surface-state eigenvalue spectrum analogous to
that of a relaxed clean surface, but without requiring com-
parably large surface atomic relaxations. The origin of
this result resides in the fact that Sb has five valence elec-
trons, so large relaxations are not required to transfer
charge from the surface cation to the surface anion in or-

der to satisfy the local valence of each surface species.
Since the geometries of the second and deeper layers are
little changed between the clean surface and the adsorbed
overlayers, the surface electronic states localized in the
second layer in the case of the clean (110) surface are still
present as substrate-derived states in the surface-state
eigenvalue spectrum of the Sb overlayer systems, although
their energies are shifted relative to their values for the re-
laxed clean surface. This observation describes the occu-
pied s-like surface states A& and C~ as well as the occu-
pied p-like surface resonances A ~ and A z localized in the
plane of the second layer. The occupied anion-derived
surface states associated with dangling-bond bands (A&)
and back-bond bands (A4) are replaced by the occupied
surface states S5 and S6 associated with the hybrid bond
consisting of the overlap of the m. band of the Sb chain
with the:charge distribution of the substrate. In the par-
ticular case of GaAs(110)-p(1X1)-Sb(1 ML), the lower
occupied surface state Sq corresponds to the Sb-As hybrid
bond and the topmost occupied surface state S6 corre-
sponds to the Sb-Cxa hybrid bond as can be seen from Fig.
5. Examination of the photoemission data by Skeath et
al. ' for GaAs(110)-p(1X1)-Sb(1 ML) reveals that upon
Sb deposition a surface feature at —2 eV disappears and
another appears at —1.5 eV. We interpret this observa-
tion to result from the replacement of the As back-bond
state A4 by the surface state Sz associated with the As-Sb
hybrid bond. The p-like anion-derived surface state in the
plane of the surface (A3) has been replaced by the two
predominantly intrachain (p„and p» ) occupied bonding

states S3 and S4. As mentioned above, these states are re-
sponsible for the bonding within the p -bonded Sb chain.
Finally, the occupied s-like surface states Az and Cq lo-
calized in the first layer have now been replaced by the
bonding (S~) and antibonding (S2) combination of s-like
Sb occupied lone pairs. As noted earlier, the energy of the
occupied s-like lone-pair states lies within the heteropolar
gap of all the compounds studied except for InP(110)-
p(1X 1)-Sb(1 ML) and InSb(110)-p(1 X 1)-Sb(1 ML).

Generally speaking, the differences between the elec-
tronic spectrum of the surface states associated with the
Sb overlayers system and that of the corresponding clean
(110) substrate appear to be universal for all the Ga and In
compounds as evident from Figs. 4 and 6—10. GaP(110)-
p(1X1)-Sb(1 ML) is, however, a special case for which
the occupied surface state S6 is predicted to lie within the
energy-band gap slightly above (0.1 eV) the top of the
valence-band maximum. This is in contrast with the
clean GaP(110) surface whose surface-state eigenvalue
spectrum does not yield any occupied surface states within
the energy-band gap. However, for both GaP(110)-
p(1X1)-Sb(1 ML) and the clean GaP(110) surface an
empty surface state is predicted to lie within the energy-
band gap. This finding for GaP(110) is in agreement with
the calculations of Refs. 30 and 44 and the available ex-
perimental data.

D. Atomic structure, surface bond lengths,
and substrate ionicity

Given the common origin of the atomic geometries and
surface states associated with Sb monolayers on the (110)
surface of III-V semiconductor compounds, it is useful to
correlate the surface atomic structure with the electronic
nature of the substrate. Since the only available ex'peri-
mental measurements are ELEED intensity data for
GaAs(110)-p(1X 1)-Sb(1 ML) and InP(110)-p(1 X 1)-
Sb(1 ML), and the structural parameter to which ELEED
is most sensitive is the top-layer perpendicular shear be-
tween the two Sb atoms, b,

~ q, we relate b, ~ z to the differ-
ence in character of the two substrate species.

The value of 6& z is determined by two separate phe-

nomena: the geometrical and electronic inequivalence of
the anions and cations in the substrate. If the lengths of
the Sb bonds to the substrate anions and cations are great-
ly different, then the p -bonded Sb chain will be tilted
about the (110) axis along the chain in the plane of the
surface in order to minimize distortions of the bond
lengths from their minimum-energy values. This
phenomenon is primarily responsible for the large predict-
ed values of A~ z for InP and GaP substrates. Even if the
Sb bonds to the anion and cation are approximately equal
in length, however, the electronic inequivalence of the two
substrate species will cause A~ q to be nonzero. This
phenomenon creates the small but finite values of
6& z —0. 1 A for GaAs and InSb substrates. Indeed, for
InSb b, ~ ~&0, in spite of the fact that the Sb—Sb input
bond length (d=2. 87 A) is taken to be slightly larger
than the Sb—In bond length (d =2.81 A).

Quantitative indications of these two trends are given in
Fig. 11. In Fig. 11(a) the correlation between 5& z and the
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tion can be established between 6& z and f;, it is evident
from this figure that 5& j is a monotonically increasing
function of the spectroscopic ionicity for a given column-
III compound. The result emanates from the detailed en-
ergetics of the surface-state eigenvalue spectra of the unre-
laxed (i.e., hq j =—0) overlayer systems. An analysis of the
surface-state eigenvalue spectra for the unrelaxed over-
layer systems on the (110) surface of III-V compounds re-
veals that substrates with larger ionicity lead to higher en-
ergies for the occupied surface states Sq and S6
throughout the surface Brillouin zone. Upon atomic re-
laxation, these occupied- states are reduced in energy,
thereby lowering the total energy of the system. Sub-
strates with larger ionicity therefore tend to produce
larger shear between the two Sb atoms in order to mini-
mize the total energy of the System. A similar
phenomenon occurs for the atomic relaxation of the clean
(110) surface of III-V and II-VI semiconductor com-
pounds. In this case, however, the lowering in energy of
the topmost occupied anion-derived dangling-bond sur-
face state is accompanied by large shear
(b,

&
~-0.6—0.9 A) between the surface anion and cation.

Attempts to correlate the magnitude of b,
& z with either

the spectroscopic or the Pauling ionicities for clean
(110) surfaces of III-V and II-VI compounds have failed,
however, and the magnitude of 6

& z is most closely related
to measures of atomic size as might be expected from
the predominance of the bond-length effect [see, e.g., Fig.
11(a)] over the electronic inequivalence effect.
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magnitude of the Sb—Av bond lengths is shown. In Fig.
11(b) the predicted value of b, ~ j is plotted against the
Phillips spectroscopic ionicity, f~, for CxaP, CxaAs,
GaSb, InP, InAs, and InSb. Although no simple correla-
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FIG. 11. (a) Predicted values of the relative displacement of
the two Sb atoms perpendicular to the (110) surface, i.e., h~ &,

plotted as a function of the minimum-energy Sb—Av bond
lengths for Ga and In compounds, respectively. The arrows in-
dicate the value of the input bond length. The Ga—Sb input
bond length is 2.65 A and the In—Sb bond length is 2.81 A. (b)
5& j plotted against the spectroscopic ionicity (Ref. 49) of the
substrate. The values obtained via ELEED are also shown for
GaAs(110)-p(1&1)-Sb(l ML) (Ref. 8) and InP(110)-p(1&1)-
Sb(1 ML) (Ref. 41).

IV. SYNOPSIS

On the basis of a tight-binding model, we have predict-
ed the atomic and electronic structure of ordered Sb
monolayers on the (110) surfaces of CxaP, CxaAs, GaSb,
Inp, InAs, and InSb. The surface atomic geometries
determined via total-energy minimization procedures are
in agreement with those obtained from a published
ELEED intensity analysis for CxaAs(110)-
p(1 && 1)-Sb(1 ML) and a preliminary analysis for
InP(110)-p(1 && 1)-Sb(1 ML). Moreover, our predicted
surface-state eigenvalue spectrum corresponds well to the
eigenvalues obtained from self-consistent pseudopotential
calculations performed at high-symmetry points in the
surface Brillouin zone for CxaAs(110)-p(1)&1)-Sb(1 ML).
Our study indicates that there are three types of states
occurring for a p -bonding Sb chain. The nonbonding
(s-orbital-derived) states do not contribute to the Sb-
substrate bonding. They are little affected by the sub-
strate although the substrate polarity does split their de-
generacy along the X-M line. The intrachain bonding and
antibonding p states also are not seriously affected by
bonding to the substrate except for the X-M splitting of
their degeneracy for polar materials. These bonding p
states are responsible for the Sb—Sb bonds within the in-
dividual p -bonded Sb chains. The bonding of the Sb
chains to the substrate is generated by the mixing of the m

states of the isolated chain with the dangling-bond orbi-
tals of nearly unreconstructed substrate to form two occu-
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pied bonding surface-state bands and two unoccupied an-
tibonding surface-state bands. The resulting Sb-substrate
bonds are comprised of bonding combinations of sp hy-
brid orbitals from the substrate and ~-electron orbitals
from the Sb chain. They are not conventional sp bonds,
although the minimum-energy structure is characterized
by nearly sp bond lengths and angles to the substrate.
Therefore our analysis reveals a novel type of hybrid Sb-
substrate bonding which resolves a puzzle identified in
the ELEED structure analysis of GaAs(110)-
p(1X1)-Sb(1 ML).
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