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The (110) surface states of GaAs for three models of surface relaxation are examined by the tight-binding
method. Although these relaxations, obtained from analyses of low-energy-electron-diffraction data, involve
similar atomic displacements, they give rise to noticeable differences in the relative positions of some surface
states when these states are identified by their orbital symmetries. All three relaxations are found to complete-
ly remove all surface states from the band gap and to give rise to new surface states. Our calculations
indicate the presence of five to six filled and four empty surface states. Results for energies, local densities
of state, and the orbital characters of these states are given and compared to experimental data.

I. INTRODUCTION

There has recently been considerable interest in
the surface and interface electronic properties of
III-V semiconductors.!™ In particular, there have
been a number of experimental'"?° and theoreti-
cal®% 121729 giydies of the (110) surface states of
GaAs. In this paper we present the results of our
calculations on the effects of surface structure on
the (110) surface states of GaAs and compare our
results to experimental data.

The ability of theoretical calculations to present
an accurate description of surface electronic
states is limited to some extent by the accuracy
with which the surface atomic structure is known.
Analyses of low-energy-electron-diffraction
(LEED) data®°"%® for GaAs have shown the (110)
surface to be ideal (1 X1) but relaxed. Different
surface relaxation models, which are all basically
similar in nature, have been suggested for this
surface. Each involves a raising of surface As
atoms and a lowering of surface Ga atoms, bring-
ing the latter closer to bulk atoms. We consider
here three different relaxation models®?™* for the
(110) surface of GaAs. One of these (a 34.8° rota-
tional-relaxation model)*? has been previously
used in a number of theoretical studies.?? 2426729
The other two models*™* are more recent and
have been obtained from more detailed analyses of
LEED data. As we show below, despite the simi-
larities between the atomic displacements involved
in these relaxations, there are interesting and de-
tectable differences in their surface electronic
structures particularly in regard to the relative
positions of surface states with different orbital
symmetries. By comparing the theoretical results
to angle-resolved photoemission measurements in
which polarized radiation is used, it is pos-
sible to distinguish between some of these surface
relaxation models on the basis of their electronic
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structures.

The surface relaxation models used in our calcu-
lations are discussed briefly in Sec. II. The tight-
binding (TB) parameters used, the criteria for se-
lecting them, and the sensitivity of the results to
the choice of parameters are discussed in Sec. III.
The results of the calculations are presented in
Sec. IV, where surface bands, local densities of
state, orbital characters of surface states, their
degree of surface localization, and the anion-ca-
tion contributions to the density of states are
given. The main results, which are discussed in
detail in Sec. V, are as follows:

(i) Surface relaxation removes both filled and
empty states from the band gap of GaAs, in agree-
ment with the absence®™® of Fermi-level pinning in
GaAs. This holds for all surface relaxations con-
sidered in which As surface atoms are raised and
Ga atoms are lowered.

(ii) Surface relaxation leads to new surface
states. In the valence-band region there are five
major filled surface states. The number and posi-
tion of these states are in good agreement with
those determined by photoemission measure-
ments.” 15 The ordering (as determined by or-
bital character) of the filled surface states near
the valence-band maximum and empty states near
the conduction-band minimum is different for the
three relaxations considered. It is, therefore,
possible to distinguish between the different models
for surface relaxation by angle-resolved photo-
emission measurements using polarized radiation.

(iii) The filled and empty surface states near the
band gap are not purely As or Ga derived but in-
volve an appreciable mixing of anion-cation char-
acter. This is consistent with partial-yield photo-
emission measurements®® for As-3p core transi-
tions into empty-surface-state transitions which
are observed to have an intensity comparable to
that measured'® for Ga-3d core-state transitions
into the same final state.
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II. ROTATIONAL-RELAXATION AND BOND-RELAXATION
MODELS

In the last several years a considerable effort
has gone into the determination of the surface
atomic structure of semiconductors.3°*3¢ Low-en-
ergy-electron-diffraction data show the (110) sur-
face of GaAs to be relaxed, with the Ga surface
atoms closer to bulk atoms and As atoms further
away from them than is the case for an ideal, un-
relaxed surface. Using a kinematical single-scat-
tering analysis of LEED data, Lubinsky et al.%
have obtained limits on the atomic displacements
involved in the relaxation. Subsequent calculations
of the surface structure have shown displacements
which fall within these limits. An exception is the
surface relaxation model that has been suggested'!
to obtain agreement between theoretical surface
electronic density of states and photoemission
spectra. Recently further refinements on the sur-
face atomic structure have been made®3® using a
constant momentum transfer averaged analysis of
elastic LEED data.

The surface unit cell and the irreducible part of
the Brillouin zone for the (110) surface of GaAsare
shown in Fig. 1.

In this paper we consider three different surface
relaxation models. These are of two basit types:

- “rotational relaxation” (RR) and “bond relaxation”
(BR). The RR models give a structure in which
the Ga-As surface bonds are rotated through an
angle w (27° <w <34.8°) relative to the truncated
bulk solid. In the 34.8° RR model suggested by
Lubinsky et al.,* the bond lengths at the surface
are equal to those in the bulk. The 27° RR model
suggested by Tong et al.®® involves small changes
in the bond lengths at the surface: In addition to
these two RR models, we also consider a two-
layer BR model obtained recently by Kahn et al.3*
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FIG. 1. Real-space unit cell and the Brillouin zone for
the (110) surface of GaAs. In describing the p-derived
orbital symmetries of surface states, the # direction is
taken to be along R,, the § direction along ﬁg, and the 2
direction along the normal to the (110) surface.

In this model the As (Ga) surface atoms move
0.1d, (-0.25d,) normal to the surface, where d, is
the bulk interplanar distance. The displacements
of subsurface atoms are opposite in direction to
that of surface atoms of the same species and ars
about 0.05 A in magnitude. This model gives a
better description of the LEED data than the
34.8° RR model.®3* There are appreciable bond-
angle variations in these relaxations, e.g., -22%
to 14% for the 34.8° RR and -14% to 14% for the
BR models. A 19° RR model has also been sug-
gested by Pandey et al.'! on the basis of photo-
emission data.

III. CALCULATION

A. Choice of tight-binding parameters

The TB parameters for GaAs used in our sur-
face calculations are the same as those we have
used in a previous study.®” These parameters
were designed to give the best possible four-state-
per-atom description of the valence and conduction
bands of GaAs. A comparison of the densities of
states obtained from the TB and empirical pseudo-
potential methods®® is shown in Fig. 2. The va-
lence-band photoemission spectrum®® used as in-
put in both calculations is also shown. It can be
seen that the TB method gives a relatively good
description of the valence and conduction-band
densities of state. It is possible to improve the
agreement between the TB and pseudopotential re-
sults appreciably for states near the conduction-
band minimum by choosing a different set of TB
parameters. However, when this is done, the
overall agreement (for higher conduction bands)
between the TB and pseudopotential results is con-
siderably worsened, as the TB results give a gap
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FIG. 2. TB density of states for the bulk valence and
conduction bands of GaAs as compared to the pseudopo-
tential results of Ref. 36 and x-ray photoemission spec-
tra of Ref. 37.
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of 21 eV in the density of states separating the
lowest conduction band from the higher bands. Pa-
rameters nearly the same as the ones used in our
present calculation were previously employed® in
a calculation of the elastic coefficient C,, - C,, of
GaAs directly from the electronic spectrum.
These parameters were found to give very satis-
factory estimates of changes in electronic ener-
gies with atomic displacements and an accurate
value for C,, ~C,,. Since similar types of shear
distortions occur for rotationally relaxed surfaces,
the accuracy with which C,; - C, is calculated pro-
vides an additional criterion for the suitability of
the TB parameters in studying bulk and surface
electronic states. For different sets of param-
eters which accurately reproduce only the first
conduction band (in addition to the valence bands
that can be easily fitted), the results for C,, ~C,,
were found to be much lower than the experimental
values. Atomic displacements cause a mixing of
the unperturbed valence and conduction states. It
is, therefore, necessary to have a good overall
description of both valence and conduction states
and bandwidths before calculating changes in elec-
tronic energies that occur with atomic displace-
ments.

B. Surface-state calculations

A 14-layer slab geometry, periodic in two di-
mensions, was found to be adequate in identifying
surface states. The energies of the strongly local-
ized surface states are insensitive to the number
N of layers for N =6. The interaction of weakly
localized states on each end of the slab gives rise,
however, to a splitting of the states arising from
the two surface layers. This splitting can be made
small by increasing N. For a 14-layer slab, the
splitting is typically about 0.15 eV for states near
the Brillouin-zone center and smaller for states
near the extrema of the Brillouin zone.

The TB parameters at the surface were assumed
to be the same as in the bulk except for a 1/d?
variation with nearest-neighbor distance d for a
relaxation that involves bond-length changes at the
surface. Our calculations indicate that the change
in the energies of surface states near the band gap
is caused primarily by the rehybridization of the
wave functions at the surface and not by the varia-
tion of the potential at the surface. The energy
changes are caused primarily by the rehybridiza-
tion of wave functions resulting from surface re-
laxation. A 1/d? variation in the potential accounts
for about 20% of the change for these states;
it also produces a weak split-off surface state near
the bottom of the valence bands.

C. Parameter dependence of results

1. Energies

In the calculations discussed in more detail in
Sec. IV, we have used the following set of param-
eters:

E%=-8.21, E°=3.19, (1)
E%=1.282, E£=3.473, @)
Voo ==1.69, V,, ,=2.057, V , =2.373, (3)
V,po=3.508, V,, =-0.963. (@)

The zero of energy is at the top of the bulk valence
bands; ¢ and a refer to Ga and As atoms, respec-
tively, and only interactions between orbitals on
nearest-neighbor atoms have been included. For
this set of parameters, we find that surface relax-
ation removes both filled and empty states from
the band gap of GaAs. An independent®® calcula-
tion for a semi-infinite slab of GaAs using the
same parameters confirms this result. However,
other TB calculations®:2%2%2° jn which different
sets of parameters have been used show an over-
lap of the empty surface state with the band gap
for a relaxed surface.

To test the parameter dependence of our results
and to find the conditions under which the surface
bands overlap the band gap, we have modified the
TB parameters listed above. The valence bands
of GaAs can be easily fitted with different sets of
parameters; the effect of these changes on the
conduction bands can, however, be quite substan-
tial. By fitting various optical gaps, different sets of
TBcanbeobtained. For the parameters of Egs.
(1)-(4), the E, and E/, gaps at I'were fitted. For small
perturbations (of the order of 10%) in which the val-
ence bands and the £, gap arekept unchanged, we
also find that relaxation removes filled and empty
states from the gap. The threshold for the first
empty surface state varies by about 0.25 eV and
the peak in the uppermost filled state by about 0.5
eV for such perturbations. For much larger vari-
ations in the parameters of Eqs. (1)-(4) the va-
lence and only the first conduction bands can be
well reproduced. The upper conduction bands come
out too high in energy, and in the density of states
they are separated by a gap of from the lowest con-
duction band in disagreement with pseudopotential
results.®® For these types of parameters, we find
an overlap of the empty surface state with the band
gap, even after surface relaxation, in disagree-
ment with experimental results.

2. Orbital symmetries of surface states

The important question in this regard is whether
the positions of surface states with different orbi-
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tal symmetries are determined primarily by the
surface atomic structure or by the choice of TB
parameters. If the surface atomic geometry is the
dominant factor in determining the relative posi-
tions of states of different symmetries, then it
would be possible to gain additional information on
the type of surface relaxation through a study of
the surface electronic states. In particular, since
angle-resolved photoemission measurements using
polarized radiation give information on the ener-
gies as well as the orbital symmetries of surface
states, a comparison of the experimental and the-
oretical results for various surface relaxation
models could be very helpful in discriminating be-
tween these models. We have, therefore, studied
the orbital symmetries of various surface states
at the T, X, X', and M points of the Brillouin zone

" for different TB parameters. These parameters
all gave equally good valence-band densities of
state. For these parameters we find that the order
in which surface states with different orbital sym-
metries occur are parameter independent but are
sensitive to the surface atomic structure. For ex-
ample, the surface states at X’ up to 2 eV below
the valence-band maximum are found to be ordered
differently (independent of the TB parameters
used) for the two types of surface relaxation,
which we have referred to in Sec. III as “rotational
relaxation” and “bond relaxation.” At other

- points in the Brillouin zone, the differences (in
electronic structure) between the different relaxa-
tions are found to be small. This indicates that by
examining particular electronic states in the
Brillouin zone through angle-resolved photoemis-
sionmeasurements, and by comparision to theoreti-
cal results it may prove possible to select among
different surface relaxation models.

IV. RESULTS
A. Notation

We denote filled surface states by B; and
empty states by B (i=1,2,...), in accordance
with previous notation.?' Additional surface
states arising from surface relaxation or those not
previously identified are labeled in a similar
manner by S; and Si.

Inidentifying the orbital symmetry of surface states
§1 is takentobe along % (Fig. 1), R, along #, and the
normal to the surface tobe along the 2 direction. The
different surface states studied have different con-
centrations of charge at or near the surface. In
the following the eigenfunction pertaining to each
eigenvalue is normalized to one. The fraction of
the total charge that is localized at the first two
Ga and As layers at the surface and its decomposi-
tion into s, p,, p,, and p, derived contributions

is given for the BR model in Table I. The positions
of the main surface structures with respect to the
top of the bulk valence bands are given in Table II

B. Energy bands and densities of state

The surface-state band structures for the ideal
(unrelaxed), 34.8° RR and BR models are shown in
Figs. 3-5. Weakly surface localized states and
resonances are indicated by dashed lines. Some
surface states extend only over a limited region
of the Brillouin zone as indicated in Figs. 3-5.
The filled surface bands for the 27° RR model are
similar (except for the absence of the S, band) to
those for the BR model and are not shown. The
densities of states for the three models are shown
in the upper portions of Figs. 6—8. The bulk den-
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FIG. 3. Surface band structure for the ideal unrelaxed
(110) surface of GaAs; VBM and CBM refer to the va-
lence-band maximum and conduction-band minimum, re-
spectively. Surface resonances and weakly localized
surface states are indicated by dashed lines.
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TABLE 1. Surface states at a few points in the Brillouin zone for the bond-relaxation model
of the (110) surface of GaAs. The percent f of the total charge (normalized to one) localized
on the surface (top line) and subsurface (bottom line) atoms and its orbital character is given.
Only strongly surface localized states are shown.

Surface R Energy Ga As
band k (eV) f S by by ?. S Py Dy Pa
Sy X -11.97 8 6 1 1
60 7 1 52
M -11.14 11 8 1 2
67 2 . 64 1
X -11.22 10 7 1 2
61 2 58 1
By X -10.67 7 14 1 61 1
4 3 1
M - 9.59 79 5 73 1
5 3 2
X - 9.62 73 5 67 1
5 3 2
B, M - 6.49 8 3 3 2
71 45 3 23
M - 6.14 64 49 15
32 8 6 13 5
X — 5.56 35 26 1 8
25 4 9 11 1
S, 74 - 412 54 2 18 11 23
27 2 1 10 14
X — 4.47 57 3 16 12 26
41 11 25 5
X’ - 1.77 29 4 4 3 2 15 1
28 3 2 ' 3 20
S, M - 162 41 3 24 14
30 12 9 9
X - 2.21 38 9 28 1
15 1 11 1 2
X - 1.19 93 24 64
5 4 1
B, X’ — 0.94 76 7 8 8 3 50
20 7 5 7 1
M - 0.92 78 18 5 20 35
7 3 4 1
X - 0.90 80 12 5 8 55
12 1 4 7
B X’ 2.20 39 2 7 25 1 4
40 24 1 2 5 8 )
M 2.35 34 7 9 9 8
9 3 4 1
X 2.71 79 11 24 34 10
6 1 4 1
B/ T 3.57 41 2 13 21 3 2
30 6 15 3 2 3
X’ 4.41 51 4 32 4 1 7 3
28 4 12 3 6
M 3.90 25 6 15 1 3
19 5 8 3 3
M 4.19 34 7 3 5 6 12
23 5 10 3 3 2
X 4.77 53 15 5 8 25

20 2 1 1 16




TABLE II. Positions (in eV) of surface-derived peaks
in the local density of states with respect to the bulk val-
ence band maximum for the BR and RR models.

BR 34.8° RR 27° RR

Filled

states

B, - 0.8 - 1.6 - 1.0
S, - 1.8 1.0 - 1.9
.S, -41 - 4.0 - 441
B, - 865 - 6.2 6.2
Bg - 9.8 -10.0 -10.5
53 _11.3 DY oo

Empty

states
Bj 2.5 3.3 3.4
M 3.4 2.4 2.5
Bj 4.6 4.3 4.6
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FIG. 4. (110) surface band structure of GaAs for the
bond-relaxation model (Ref. 34).
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sity of states is also shown in each figure as an
aid in finding the position of surface states with
respect to bulk-derived structure. The decompo-
sition of the surface density of states into p -,
p,~, and p,-derived components is shown in the
lower portions of Figs. 6-8. On the basis of this
decomposition, it can be seen that the order of the
B, (As dangling-bond) and S; (As back-bond) filled
states and the B] (Ga dangling-bond) and S; (Ga
back-bond) empty states are reversed in the BR
and 34.8° RR models. Comparison of the BR and
27° RR models shows only a switch of the B/ and
S; states. It should be noted again that the surface
relaxations involved in the three models considered
are basically quite similar in character. It is,
therefore, remarkable that the differences be-
tween these relaxations appear in the elec-
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FIG. 5. (110) surface band structure of GaAs for the

34.8° rotational-relaxation model (Ref. 32).



1806 D. J. CHADI 18

T T I I T B T T
GaAs (110) SURFACE : 1

12+ BR MODEL
——— BULK GaAs

DENSITY OF STATES (Arbitrary Units)

(Relative Units)

LOCAL DENSITY OF STATES
|

> |
-12 -10 -8 -6 -4 -2 0

ENERGY (eV)

FIG. 6. Upper part of the figure gives the local den-
sity of surface states (solid line) for the bond-relaxation
model of the (110) surface of GaAs. Electronic states
localized on the first two layers of Ga and of As atoms
at the surface are shown. The bulk density of states
(dashed line) is also shown for comparison. The ener-
gies E, and E, denote the bulk valence-band maximum
and conduction-band minimum, respectively. Only
strongly localized surface states are shown. The densities
of state have been Gaussian broadened. The bulk density
of states is in arbitrary units. The surface density of
states is shown in relative units to facilitate comparison
with other figures. The p,, p,, and p,derived orbital
characters of the surface density of states for the BR
model are shown in the lower part of the figure.

tronic spectra. The s-derived local densi-

ty of states can be easily obtained from a compari-
son of the upper and lower parts of Figs. 6-8. The
surface calculations were done for a 25-point grid
in the irreducible zone and the results were
smoothed out using 0.3-eV-wide Gaussians. In
some cases this resulted in a small overlap of the
surface states with the band gap; there is actually
no such overlap. The bulk density of states was
calculated at 308 points in the irreducible zone and
has been similarly broadened.

The surface densities of states are plotted in re-
lative units such that the strength of the surface
states for different relaxations can be directly
compared. To remove background noise (coming
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FIG. 7. Surface electronic density of states for the
34.8° rotational-relaxation model. See also caption for
Fig. 6.

mainly from the contribution of bulk states at the
surface) and to prevent weak resonances from ap-
pearing in the density of states, only those sur-
face states for which at least 40% of the total
charge is concentrated on the first two Ga and

As layers (at each end of the slab) were used in
the calculations. Calculations for which this figure
is reduced to 30% or to 20% show the main surface
peaks to remain at the same positions.

The differences in the orbital symmetries of
surface states at the X’ point of the Brillouin zone
for the three different relaxation models are shown"
in Fig. 9 and discussed in Sec. V. The surface
states have been broadened for better clarity.

When a very simple description of the upper
filled and lowest empty surface states is needed,
these states are usually referred to as being, re-
spectively, As or Ga derived. In Fig. 10 we show
the contributions of the first two layers each of
Ga and As atoms to the surface density of states
for the BR and RR models. Figure 10 shows that
there is an appreciable mixing of Ga and As orbi-
tals for all states except for B,. In particular, it
should be noted that the B, state is predominantly
Ga derived. The mixing of Ga and As states in the
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FIG. 8. Surface electronic density of states for the
27° rotational-relaxation model. See also caption for
Fig. 6.

empty surface states is also appreciably larger
for RR models than for the BR model.

Recent partial-yield photoemission measure-
ments?® on As-3p core transitions.to empty surface
states show that these transitions have an intensity
comparable to that found previously'® for Ga-3d
core excitations into the same final states. This
is also an indication of the mixing between Ga-
and As-derived states that occurs in these states.

The degree of surface localization of the surface
states is also of experimental interest. In Fig. 11
we show the local density of states for (Ga+ As)
surface and (Ga+ As) subsurface atoms for the BR
model. It can be seen that the B, and S, states are
more localized on the subsurface layer than on the
surface layer. There is no S,-type state in the RR
models, but the surface localization for the B,
state is the same as in the BR model.

V. DISCUSSION OF RESULTS AND COMPARISON
TO EXPERIMENTAL DATA

A. Surface states in the band gap

Our calculations show that there are no filled or
empty surface states in the band gap of GaAs
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FIG. 9. Surface states at the X’ point of the Brillouin
zone and their p,, p,, and p, derived orbital character
for the BR, 34.8° RR, and 27° RR models, The states
have been Gaussian broadened for clarity.

when the surface is relaxed. This is consistent
with recent experimental data’®™ that indicate an
absence of intrinsic surface states within the for-
bidden band of GaAs. Intragap empty and filled
states, when present, lead to Fermi-level pinning
near the surface-state band edge for n- or p-doped
samples, respectively. A number of measure-
ments show no such pinning for defect-free and
clean (110) surfaces of GaAs, GaSb, and InAs.
The experimental results are very sensitive™®!3
to surface defects, impurities and to cleavage.'®
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FIG. 10. Ga- and As-derived local density of surface
states for the (110) surface of GaAs. Two layers each
of Ga and As atoms were included in the calculation.

Because of this, some earlier experiments had in-
dicated the presence of intrinsic states in the gap.
The cleavage dependence of the experimental re-
sults has clearly been demonstrated by photoemis-
sion-total-yield spectroscopy measurements.®
These measurements also seem to indicate the
presence of a small number («<10*/cm?) of empty
states in the band gap of GaAs. It has been sug-
gested* @ that band-bending effects near the sur-
face could give rise to the latter result.
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FIG. 11. Local density of states of surface and sub-
surface layers for the BR model.

B. Filled surface states

Excluding the weak S, state that occurs near the
bottom of the valence bands for only the BR model,
our calculations indicate five major surface-re-
lated structures in the density of states lyingbelow
the valence-band maximum at E,, as shown in
Figs. 6-8. Photoemission measurements™?!* 14716
show the upper filled surface states to be at least
0.5 eV below E,. Angle-resolved'*'® and angle-
integrated" photoemission measurements strongly
indicate the presence of two surface-related struc-
tures near E,, in agreement with theoretical cal-
culations. Our calculations show both the B, and
S, states to be primarily As surface derived. The
difference between the two states is in their elec-
tronic charge density distributions. The B, state
has a dangling-bond character with a charge dis-
tribution that projects out into the vacuum region,
whereas the S, state has a back-bond character
with the charge distribution that is directed to-
wards the bulk layers.

Evidence for an S, state lying about 4 eV below
the valence-band maximum at E, has been previ-

‘ously'® seen in angle-resolved measurements.

More recent measurements have demonstrated
with greater certainty'® the surface sensitivity of
this state. In the unrelaxed surface geometry,
this state is only very weakly surface localized;
surface relaxation changes S, into a very strongly
localized surface state, particularly at M,X, and:
along the M - X direction of the Brillouin zone.
The S, state has not been explicitly identified in
previously published work, although self-consis-
tent pseudopotential calculations®®2* do, in fact,
also show extra surface structure (absent in the
bulk density of states) for energies between 3.5
and 4 eV below E, for a 34.8° RR model. Our cal-
culations show (Figs. 6-8) a density-of-states
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maximum for the S, state at 4.1 eV below E,, in
good agreement with experiment.'®

The B, state is seen in photoemission measure-
ments.'*!® The calculations indicate that the bond-
ing for B, is spo type with Ga s states bond-
ing to As p states and with the predominant
orbital character being Ga derived. Near the
M point of the BZ, there are two B,-type
states, both of which are strongly localized. The
higher-energy state corresponds to surface Ga
atoms bonded to nearest-neighbor As atoms, and
the lower state corresponds to subsurface Ga
atoms bonded to their nearest neighbors. The
small peak in the density of states on the higher-
energy side of the B, peak arises from states at
the X point of the BZ. For the BR model the peak
in the density of states of B, occurs 6.5 eV below
E,, which is also in good agreement with experi-
ment.'*1°

The B, state is seen as a weak peak at 11 eV be-
low E, in ultraviolet-photoemission measure-
ments.”'" The most surface localized B,-type
states occur at the X’ point of the BZ. In the un-
relaxed and RR surface geometries, the B, states
near the zone center are more concentrated on the
subsurface As atoms than on the surface As atoms.
In the BR model the B, state is predominantly sur-
face As derived, while the S, state is subsurface
derived. The splitting between the S; and B, states
results from the variation with bond length of the
interaction parameters at the surface. The S,
state may provide another way of distinguishing
between RR and BR models on the basis of elec-
tronic properties. Surface states with wave vec-
tors along the # to X direction of the zone give
rise to the main density-of-states peak of B, at
9.8 to 10 eV (Figs. 6-8) below E,, while states

near X give rise to the shoulder at around —10.5 eV.

C. Surface states at X’ and surface structure

We have labeled the surface state near E, with
the largest amount of p, character (with £ normal
to the surface) as the B, state (see Figs. 6-8). In
this way the S, state lies below the B, state for the
BR and 27° RR models but above it for the 34.8°
RR model. The density of states for the B, and S,
states in the BR and 27° RR models are very simi-
lar. As mentioned above, in previous photoemis-
sion work,'*! a surface state with a doublet struc-
ture near the valence-band maximum at E, has
been observed.

At the X’ point of the Brillouin zone, the calcu-
lations actually show three filled surface states
within about 2 eV of the valence-band maximum
(see Fig. 9). This occurs as a result of the dis-
persion of the S, band (Figs. 4 and 5) which at the

X' point brings it close in energy to the B, and S,
surface states. Figure 9 shows the combined ca-
tion plus anion p,, p,, and p,derived orbital
symmetries of the three surface states at X’ and
near E,. As can be seen, the ordering of p, and
(p,+p,) character states is different for the BR
and the RR models. This suggest that angle re-
solved measurements with polarized radiation can
be used to distinguish between the BR and RR mod-
els.

In the dipole approximation the matrix element
for the transition between an initial surface state
¢ and a final state ¢ is proportional to the square
of M given by

M=@|K-V|p). (5)

Since the upper filled surface states are of pre-
dominantly p character we need to consider only
final states ¥ with s or 4 symmetry.

When 9 is a state of s symmetry, the only non-
zero matrix element occurs when ¢ is a p function
oriented in the direction of A. For A along the %
direction, one surface state, and for A along the
9 direction, two surface states would therefore be
expected for states at X’ and near E,. If only
emission normal to the surface is considered then
transitions into final states of d,,, d,,, andd,,
symmetry should not be observed since these orbi-
tals have vanishing charge densities in the z direc-
tion. Transitions into d_, orbitals would be ob-
servable but would be indistinguishable from tran-
sitions into s states since they involve identical
selection rules. For normal emission, therefore,
the relative positions of p, and p, symmetry states
at X’ can be unambiguously determined. These
results are consistent with the more general group
theoretical discussion givéenby Hermanson.*® For
emission away from the surface normal transitions
g'om p, to d,, and p, to d,, states would occur for
A=A% and similarly traniitions from p, to d,, and
p. to d,, would occur for A=A%X. These transitions
could be superimposed on those from p to s states.
When the emission is confined to a mirror symme-
try plane the symmetry of the initial state can be
shown* ® to be the same as that of the dipole
operator causing the transition. Angle-resolved
photoemission measurements using polarized
radiation can therefore be used to determine the
symmetry of surface states along the T =X’ di-
rection. Such measurements have recently been
done by Williams, Smith, and Lapeyre.'®* For
initial states near the valence-band maximum
having wave vectors along the T to X’ direction
they find (for states % of the way from T to X’) two
surface states with (py +[),g) symmetry and one
surface state with p, character. The ordering of
these states is observed to be the same as that
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shown in Fig. 9 for the BR model at X’. However,
because of surface band dispersion the experimen-
tal results are also in agreement with the 27° RR
model when states away from X’ are examined.®

D. Empty surface states

We find that surface relaxation completely re-
moves the B/ state from the band gap of GaAs and
causes a weakening of the surface localization of
B{. Relaxation also gives rise to a new surface
state labeled S in Figs. 6-8. This state occurs
below the B{ state in the RR models but above it
in the BR model. Because of the overlap of the Bj
and S{ states in the RR models, the effective width
of the “first” empty surface state is nearly three
times larger than its value for an unrelaxed sur-
face. The large increase in the width of this state
with relaxation is in good agreement with self-con-
sistent pseudopotential®*?* calculations for a 34.8°
RR model. These calculations show that the B}
state is moved to higher energy with relaxation;
however, a tail of empty states which we would
identify as the S; states overlaps the band gap.
Pseudopotential charge-density calculations®? 23
for the (110) surface of GaAs show the states that
we have identified as B{ and S/ to have distinctly
different charge-density distributions.** The B/
state (calculated for unrelaxed surfaces, but same
result also holds for relaxed surface) has a local-
ized Ga dangling-bond-type charge-density distri-
bution,? whereas the new S/ state that results
from surface relaxation has a back-bond type of
charge distribution.?® In the RR models the S!
(back-bond) state is lower in energy than the B!
(dangling-bond) state, but in BR models the re-
verse situation prevails. Because of the similarity
and correspondence between the surface states
obtained by the TB and pseudopotential methods,
we would predict on the basis of our results that
for a BR model a self-consistent pseudopotential
calculation will show no overlap of the empty sur-
face states with the band gap. This is because the
S{ states in the BR model lie much above the bulk
conduction-band minimum.

Partial-yield photoemission data for Ga-3d core
states into the B] state show!® this state to be 1 eV
above the valence-band maximum. Measurements
showing an absence of empty states in the gap indi-
cate that these transitions involve large (=0.5 eV)
excitonic binding energies. If the threshold of
around 2 eV for the empty surface states obtained
in our calculations is assumed to be correct, we
would obtain an excitonic binding energy for these
transitions of 1 eV. Experimentally, the corre-
sponding bulk excitonic binding energy has been
estimated to be 0.75,* 0.4-0.6,'° and** 0.3 eV.

Sole and Tosatti* have shown that surface exci-
tonic binding energies of 0.5 eV or larger can be
obtained for reasonable values of the parameters
in their theory.

For the BR model the calculations indicate the
Bj state to be most surface localized at the X point
of the BZ. At this point nearly 70% of the charac-
ter of this state is surface Ga derived, while only
16% is As surface and subsurface derived. The -
Ga-derived character is about 83% p-like and 17%
s-like. At M the B} state has a relatively weak
surface localization, -with only 43% of the “charge
density” of this state being confined to the Ga and
As surface and subsurface layers. The threshold
for the B} state occurs near the X’ point. At this
point the wave function is also strongly surface
localized.

In addition to the B], S/, and B} empty surface
states shown in Figs. 6-8, our calculations indi-
cate a very strongly surface localized state (par-
ticularly at X’) of antibonding p character with a
peak at about 5.8 eV above E,.

E. Transition energies

Electron-loss spectroscopy (ELS) is very useful
in providing information on the transition energies
between filled and empty surface states. For the
(110) surface of GaAs, the ELS data show!'™*® sur-
face-related structure at 3.1, 8.5, and 12.3 eV
and weaker structure at 9.1, 14.6, and 18.1 eV.
The ELS also shows bulk-related structure at 3.7
and 6.0 eV and a surface plasmon mode at 10.4 eV.
The 3.1, 8.5, and 12.3eV loss peaks have been
assumed®® to represent transitions from the B,
B,, and B, states into the B] empty state. For the
BR model we find corresponding peak-to-peak en-
ergy differences of 3.3, 8.9, and 12.3 eV, in fairly
good agreement with the ELS data. The 12.3-eV
structure in the ELS could also arise from B, to
S} transitions. The ELS data do not seem to show
any structure for transitions from the S, band to

‘empty surface states. The weaker structures in

ELS probably arise?® from transitions to empty
surface states, such as to B5. ELS also shows?*®
a structure at 1.9 eV whose interpretation is not
clear. If this structure is genuine, it would re-
quire the B, and Bj states or a portion of these
states to be closer to the valence-band maximum
and the conduction-band minimum, respectively.
There is no indication at present from angle-re-
solved photoemission measurements for the pres-
ence of such states.

VI. CONCLUSIONS

We have studied the effects of three different
surface relaxation models on the (110) surface
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states of GaAs. All three surface relaxations
were found to remove filled and empty surface
states from the band gap of GaAs, in agreement
with experimental results showing an absenceé of
Fermi-level pinning within the band gap. The ro-
tational-relaxation models push the empty Ga
dangling-bond B/ state into higher energy than is
the case for the BR model. However, unlike the
BR model, they give rise to a new Ga back-bonding
state (S;) which lies below the B state. The or-
dering of As-derived dangling-bond and back-bond
states near the valence-band maximum was also
found to be dependent on surface structure. The cal-
culated positions of surface states are in re-
latively good agreement with photoemission” % 11, 1416
and ELS'™*¢ data. From the calculated position of
the B] empty surface state and partial-yield photo-
emissiondata’® on Ga-3d core state to Bj transitions,
we estimate a surface excitonic binding energy of
about 1 eV. Wefind the filled and empty surface states
to contain an appreciable mixing of Ga and As charac-

ter, as shown inthe decomposition of the surface lo-
cal density of states into Ga- and As-derived compo-
nents. This result is consistent with the observa-
tion®® that the intensity for As-3p core transitions
into the empty surface state is comparable to that
for Ga-3d core transitions.'® Finally, the results
found for GaAs on the number and symmetry of
the various surface states should be valid for most
other III-V compounds. Angle-resolved measure-
ments with polarized radiation along other direc-
tions of the Brillouin zone would provide more
stringent tests of the accuracy of the theoretical
results for the surface structure as well as for
the electronic structure of the (110) surface of
zinc-blende semiconductors.
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