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Dynamical low-energy electron-diiFraction analysis of bismuth and antimony epitaxy on GaAs(110)
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The atomic geometry of Bi adsorbed on GaAs(110) is determined using low-energy electron
diffraction (LEED) and compared with calculated atomic geometries of GaAs(111)-p(1X 1)-Sb and

clean GaAs(110). The analysis of the one-monolayer, epitaxical films is facilitated by comparing
LEED intensity data measured for each system under identical experimental conditions and ana-

lyzed using a common multiple-scattering model. The overlapping chain geometry, recently pro-
posed as a possible alternative to the previously determined geometry for the GaAs(110)-p(1 X 1)-Sb

system, was tested for both the Sb and Bi systems. Comprehensive multiple-scattering calculations
indicate, however, that the previously determined geometry provides the superior fit to the LEED
intensity measurements. Several improvements to the LEED analysis methodology, including
simultaneous multidimensional optimization, are described.

I. INTRODUCTION d 12,y

Antimony and bismuth form ordered monolayers on a
wide range of different III-V (110) surfaces. Hence, these
epitaxical V/III-V (110) systems constitute useful proto-
types for investigations of issues related to surface chemi-
cal bonding, electronic structure, and growth because
their two-dimensional order enables detailed experimen-
tal and theoretical studies to be performed. A first step
to any comprehensive investigation of epitaxy using these
prototype systems is the determination of their surface
atomic geometries. The most widely studied V/III-V
(110) system is that of GaAs(110)-p(1X1)-Sb. The ac-
cepted geometry, depicted in Fig. 1, was proposed heu-
ristically by Goddard' and established experimentally us-
ing low-energy electron diffraction (LEED). The God-
dard geometry has subsequently been confirmed using
scanning tunneling microscopy (STM) (Ref. 3) and in-
direct methods, such as high-resolution core-level spec-
troscopy.

Recently, however, several alternate geometric models
have been proposed on the basis of total-energy minimi-
zation calculations using a tight-binding Hamiltonian.
One of these structures, which we term the relaxed
Skeath model or the overlapping-chain model, not only
forms a stable geometry energetically equivalent to the
Goddard model within the tight-binding approximation
but also provides an equally satisfactory interpretation of
the STM micrographs. ' The relaxed Skeath geometry is
depicted in Fig. 2. Although the initial LEED investiga-
tion of GaAs(110)-p(1 X 1)-Sb considered one form of the
Skeath chain geometry and rejected it as failing to de-
scribe the observed intensities, those calculations did not
consider the impact of modifications of the substrate
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FIG. 1. Schematic drawing of the Goddard structural and
model depicting Sb or Bi bonded to a zinc-blende (110) sub-

strate. The first- and second-layer shear angles are given as

u, =arctan(b, ,/A, ~) for i =1,2. A negative co& and a positive

co2 are depicted in the drawing.
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FIG. 2. Schematic drawing of the Skeath structural model
depicting Sb or Bi bonded to a zinc-blende (110) substrate. P is
positive, co is negative, and y =~/2, as depicted in the drawing.

bonding. The tight-binding calculations have established,
however, that a modification of the clean surface
geometry is an important aspect of the minimum energy
structure, and suggest that the LEED analysis should be
extended to include this effect.

Like the STM studies, analysis of angle-resolved photo-
emission data has not been able to differentiate between
the two models. The surface-state wave functions calcu-
lated for the Goddard and Skeath geometries embody
significant differences in the electronic structure corre-
sponding to the two geometries. In the Goddard model
a band of p states is formed, extending along the [110],
zig-zag chain direction, cf. Fig. 1. A second band of Sb

p, ~ states hybridize with the substrate sp dangling
bonds to bond the overlayer to the substrate. Whereas
the p states are localized within the zig-zag chain, they
do not mix significantly with the substrate dangling-bond
orbitals. However, the Sb m energy bands are predicted
to split due to the interaction with the substrate states
and to form four surface-state bands. The electronic
structure of the relaxed Skeath geometry is entirely
different. The Sb atomic orbitals possess p character
and fail to hybridize into intrachain and overlayer-
substrate bands as predicted for the Goddard model.
Thus, the qualitative differences between the predicted
surface-state electronic structures could, in principle, be
used to differentiate between the two geometric models.
Nevertheless, the extant measurements of surface bands
for this system have proven inadequate to resolve be-
tween the predictions of the two-model geometries.

Bismuth adsorption to III-V(110) surfaces has drawn
considerable recent attention. ' Being isoelectronic

with Sb, Bi might be expected to have bonding properties
analogous to Sb. However, we have recently reported
that unlike Sb, Bi displays richly varying ordering prop-
erties on the III-V(110) surfaces. Furthermore, although
Bi and Sb form similar bonds in small molecules' they
bond very differently in network solids: Sb is a semimetal
as a monatomic element but forms tetrahedrally coordi-
nated compound semiconductors, such as InSb and
GaSb; Bi is also a semimetal as an elemental material but
forms p coordinated materials, such as InBi which has a
PbO structure. ' Hence, Bi is a more likely candidate
than Sb to exhibit a p chain geometry on the III-V (110)
surfaces. If differences in the surface atomic geometry of
these two adsorbates exist, they could also be manifested
as differences in the chemical and electrical properties of
the two overlayers.

The discovery that bismuth exceeds antimony in form-
ing interesting epitaxical films on III-V(110) surfaces, the
results of the total-energy calculations reported for an-
timony epitaxy, and the difficulty of distinguishing be-
tween the two candidate geometric models described
above motivate the present study of the geometry of
column V adsorbates on zinc-blende (110) surfaces. We
present a systematic study of the geometry of Sb and Bi
monolayers on GaAs(110) using LEED multiple-
scattering analysis. LEED intensity (IV) data for
GaAs(110), Sb/GaAs(110), and Bi/GaAs(110) have been
measured in the same experimental chamber and have
been analyzed using a common theoretical model. In this
fashion, a self-consistent description of the surface
geometry of these three systems has been developed.

II. EXPERIMENTAL TECHNIQUE

The experiments were performed in an ultrahigh-
vacuum chamber with a base pressure of less than
1X10 ' Torr. The chamber was equipped with stan-
dard LEED optics, a sample cleaver, and two evapora-
tion sources. The GaAs crystals were cut into 5 mm
square bars oriented to within 0.5' along the [110]direc-
tion. Using a diamond saw notches 0.040 in. deep and
0.020 in. wide were cut into the side of each bar at 0.085
in. intervals to assist in the cleaving process. A button
heater was attached to the sampler holder near the base
of the crystal and three thick copper braids were used to
connect the sample holder to a liquid-nitrogen reservoir.
This design allowed the samples to be cooled to 120 K
and heated in excess of 500 C.

Bi and Sb films were deposited onto the freshly cleaved
substrates by sublimation from high-purity (99.9999%)
polycrystalline material held in shielded tungsten wire
baskets. The sublimation temperature was approximately
480'C for Bi and somewhat less for Sb. The two sources
were simultaneously available but were physically isolat-
ed to eliminate cross contamination of the sources. Slow

0

deposition rates were used, typically less than 1 A/min as
monitored using a quartz-crystal oscillator thin-film rnon-
itor (QCO). The QCO was calibrated by calculation and
by direct comparisons to core-level photoemission re-
sults. ' In a few cases, the samples were transferred for
calibration from the experimental chamber to a Ruther-
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ford backscattering facility where it was determined that
the QCO calibration can be relied upon to within approx-
imately 10%." The depositions were performed at room
temperature. No differences were observed between the
LEED IV curves measured for Sb or Bi films prepared at
room temperature and those for the corresponding an-
nealed films. In the Sb/GaAs(110) case, changes in the
electronic structure due to annealing were observed pre-
viously using photoemission and interpreted as improve-
ments in the structural order of the Sb overlayer. Our
LEED measurements indicate that the effect of annealing
on the structure of the Sb/GaAs system is short ranged
and too subtle to impact our IV studies.

Leed and Auger spectroscopy, via the retarding field
analyzer method, were performed using a video LEED
instrument described previously. ' The ordered films
studied each displayed the (hk)=(hk) symmetry of the
cleaved III-V (110) surfaces, where the beam index con-
vention is that common in the literature. ' ' All data
were taken at normal incidence. The LEED alignment
procedure, which matches the intensity curves of the
(hk)=(hk) symmetry-equivalent beams, has been de-
scribed in our previous work. ' After alignment the sam-
ples were cooled to below 150 K before the final IV data
sets were measured. A typical set of IV curves was mea-
sured in 2-eV steps from 50 to 300 eV incident energy in
less than 5 min. Although the diffraction intensities were
collected two or three times for each film prepared, no
beam-induced surface degradation occurred because of
the short-data collection times permitted by our instru-
ment. Prior to analysis, corresponding data sets were
averaged and normalized to the incident beam current,
which varies with beam energy in the LEED apparatus
used. ' In addition to the IV data, entire diffraction pat-
terns were integrated, digitized, and stored within the
computer to provide a semiquantitative measure of sur-
face quality.

The reproducibility of the experimental data is impor-
tant to any surface geometry determination. According-
ly, several tests were conducted that allow us to improve
our estimate of reproducibility relative to that quoted
previously. ' The x-ray reliability factor R„is the figure
of merit used in the calculations discussed below to corn-
pare the calculated and experimental IV data sets. ' It,
thus, provides a relevant measure with which to judge the
reproducibility of the experiments. Several sets of data
were collected using different, freshly cleaved clean
GaAs(110) surfaces. We found that R„variations of 0.01
typically occur between scans containing 14 beams over a
50 to 300 eV energy range from different cleaves. Figure
3 shows, for example, the six strongest beams of two in-
dependent measurements from different cleaves. Statisti-
cal fluctuations can be reduced if data from two or more
repeated sets of measurements are averaged. We found
that the R value between IV scans of the same surface is
typically 0.001. Therefore, the R„value of 0.01 quoted
above between identical samples is the result of errors in
sample alignment and positioning and not due to statisti-
cal variations in the data. Finally, after several sets of
data are collected they are averaged and normalized to
the beam current prior to the multiple-scattering
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FIG. 3. Intensity of the six strongest diffraction beams taken
as a function of electron energy for two different cleaves of
GaAs(110) to demonstrate the reproducibility of the IV data.
The relative intensities of the beams are retained.

analysis. %'e computed R, between individual data sets
and the averaged data to estimate the width of the R„
distribution. R„values of 0.002 were typically obtained
which indicate a very narrow distribution in R, due to
experimental conditions.

In previous LEED studies of, e.g., GaAs(110), the
analyses were performed using different numbers of
diffraction beams and different energy ranges than those
utilized here. The sensitivity of R„to the differences in

these factors should be considered prior to making a
direct comparison of values. A calculation of R„between
our best fit GaAs(110) structure and our experimental
data set was performed as a function of the number of
beams used in the comparison. Additional beams were
included in order of decreasing integrated intensity. The
result was that an R value very close to the 18 beam
value was obtained using only the five strongest beams,
and the change in R„from the 14 beam case to the 18
beam case was less than 0.01. The sensitivity of R to the
energy range used in the calculation was greater. A com-
parison of the computed IV data to the experimental data
was made for energy ranges from 50 to 200 eV up to 50
to 300 eV. R„wasobserved to have considerable fluctua-
tions. The minimum R„value, 0.17, was obtained for the
50-250 eV range while the maximum value, 0.20, was ob-
tained for the 50—300 eV range. Otherwise, no trends
were observed.
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III. THEORETICAL MM'HOD Ga

A. Multiple-scattering model

The LEED IV data was analyzed using the method of
Duke and Laramore. This dynamical, multiple-
scattering LEED theory is a generalization of the work of
Beeby in which the complex-valued electron self-energy
has been included. The success of this theoretical
method for atomic geometry determination of semicon-
ductor surfaces has been established for a wide variety of
systems similar to the ones discussed herein, making the
method a suitable choice to use for our studies. ' We
summarize below the features of the method salient to
our present study.

Electron scattering by surface atoms is described using
energy-dependent phase shifts. Each atomic scattering
center is represented as a neutral atom whose potential is
first computed using a relativistic, self-consistent
Hartree-Fock-Slater muffin-tin model. For the gallium
and arsenic cases, the charge densities are modified by su-
perimposing the charge densities of the neighboring six-
teen shells of atoms, assuming bulk coordination. The
adsorbate atoms, bismuth and gallium, are treated as free
atoms and no superpositioning of neighboring charge
densities is performed. The Slater p' exchange term of
the computed self-consistent atomic potential is replaced
by an energy-dependent Hara exchange term. The Hara
exchange model has been established to describe better
the physics of electron scattering in LEED, where an
external electron with energies greater than 10 eV above
than the Fermi level interact with the electron gas at the
surface. ' Finally, the resulting effective-scattering po-
tential is inserted into the radial Schrodinger equation,
which is integrated to yield the scattered wave phase
shifts. Because the sample temperature at which the data
is collected, -150 K, is well below the Debye tempera-
ture of bulk GaAs, 345 K, no modeling of temperature
effects is included.

The energy-dependent phase shifts obtained from the
potential model described above and used in the calcula-
tions presented in this paper are plotted for each atom in
Fig. 4. The corresponding total elastic cross sections
computed using the phase shifts of Fig. 4 are presented in
Fig. 5. It is important not to include more phase shifts in
the calculation than necessary because the cost of the
multiple-scattering calculation increases dramatically
with the number of phase shifts used. Although fewer
than six phase shifts could be used for the clean surface
case, the antimony and bismuth adsorbates are stronger
scatterers and, therefore, require a greater number of
phase shifts to describe their cross sections adequately.
Because the results of trial multiple-scattering calcula-
tions using seven phase shifts differed little from those us-
ing six phase shifts and because our current computer al-
gorithm requires that the same number of phase shifts be
used for each atom we selected to use six phase shifts for
all calculations.

In the multiple-scattering calculation, the semi-infinite
crystal is replaced by a slab of twelve bilayers (24 atomic
layers). An exact calculation of the scattering amplitudes
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FIG. 4. Energy-dependent phase shifts used in the theoretical
calculations: (a) gallium; (b) arsenic; (c) antimony; (d) bismuth.
The relativistic Hartree-Fock-Slater crystal potential model
with Hara exchange is used.
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FIG. 5. Total elastic cross sections of ga11ium, arsenic, an-

timony, and bismuth computed from the phase shifts shown in

Fig. 4 and plotted as a function of incident beam energy.

is performed for the topmost four bilayers, called the sur-
face slab. The exact scattering amplitudes for each of the
next eight bilayers are computed individually and added
to the amplitudes from the surface slab. The multiple-
scattering contributions between the eight underlying bi-
layers and between those bilayers and the surface slab are
not computed. This approximation is justified due to the
short elastic mean-free path of the electrons in the energy
range of LEED and because the trial geometries con-
sidered are constrained to differ from the bulk geometry
on1y in the top two bilayers. This approach has been
used successfully in many previous studies of zinc-blende
(110)surface structure. '

B. Method extensions

Several significant extensions to our previous analysis
methods have been introduced. The first is the incor-
poration of the lattice symmetry into the calculations.
The intra-plane and inter-plane propagators require the
calculation of two-dimensional lattice sums, which have
been streamlined by performing symmetry adapted sum-
mations. In practice this feature has allowed us to reduce
the number of distinct unit cells used in the two-
dimensional summations to 25 or less from 256 or more,
with a concomitant savings in computer cost.

The second extension is the automation of the struc-
ture search process using the simplex method. With this
method the structural and nonstructural parameters are
adjusted in a nonlocal search for the best fit between the
calculated and measured IV curves. R is the figure of
merit used for our searches. An alternate figure of merit,
the weak integrated distance reliability factor, was also
tried in some of the calculations. The predicted
geometries did not differ significantly, however, from
those obtained using R in the cases examined. The sim-
plex method begins with a given set, or simplex, of trial
values, or vertices, for each calculational parameter and
systematically excludes the worst values until a conver-
gence criterion is satisfied. Upon iteration of the simplex

algorithnI the spread in values of each parameter is re-
duced. The method and its advantages and disadvan-
tages are discussed elsewhere. In our experience a
seven parameter search converges within approximately
thirty simplex steps.

There are seven adjustable parameters in the geometric
models discussed below: five structural ones consisting of
bond lengths and bond angles, cf. Figs. 1 and 2, and two
nonstructural ones corresponding to the real and imagi-
nary parts of the electron self-energy. In our previous
studies a self-energy model having a constant inelastic
collision mean-free path, A,„,was selected. A new
choice of self-energy model, in which A,

„

is energy depen-
dent, is made here because the data is collected over a
wider energy range so that the choice of a constant X„is
not justified. A second difference from our previous ap-
proaches is that previously the real part of the inner po-
tential, V0, was fitted by adjusting the final computed IV
curves by a fixed energy amount. In the calculations
presented below V0 is treated on an equal footing with
the other parameters of the model and no rigid shift of
the energy scale is subsequently performed.

In our experience searches initiated using all seven pa-
rameters usually resulted in physically implausible bond
lengths. This tendency is related to the interplay between
Vo, the effective index of refraction, and the interlayer
spacing. Therefore, a two-step search procedure was
developed based on the concept that bond rotations are
the most important factor in determining geometry. In
the first step the search is performed keeping the bond
lengths fixed. In the case of Ga-As the nearest-neighbor

0
distance found in the bulk, 2.45 A, was selected; in other
cases the sum of the covalent radii was used. The
remaining set of five parameters are selected over reason-
able ranges of parameter values to form the eight initial
vertices of the simplex. The search is begun and stopped
when the spread in all remaining parameters is judged
sufficiently small. Typically, the figure of merit, R„con-
verges more quickly than do the individual fit parame-
ters. In the second step, a new simplex is constructed
about the previous best vertex, the one having the small-
est R . Seven new vertices are selected using the same
condition stated above, that a reasonable range of param-
eters be included in the simplex. However, in the second
step the bond lengths are also allowed to vary by
10—20% of their covalent values. If desirable, after con-
vergence of the second step, a new simplex centered on
the best vertex of the previous search is prepared and a
third search conducted. In each case where a small R
value (-0.25) was obtained, however, a third search
reproduced the previously obtained geometry, serving to
increase our confidence that the R„minimum attained
was a global minimum.

At completion of the simplex searches, additional cal-
culations are performed to refine the results and to pro-
vide a measure of how sensitive the minimum is to varia-
tions in individual parameters. Each parameter is varied
individually keeping the other parameters fixed at the
simplex-optimized values. These additional calculations
are desirable due to the slow convergence the simplex
method displays when it is near a minimum. In all
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overall energy range of 50—300 eV. The IV data are
presented in Fig. 7, grouped according to integrated in-
tensity with no correction for variation in the energy
range of each beam. In order of decreasing intensities the
beams are 01, 01, 02, 11= 11, 12= 12, 11= 11, 10= 10, 02,
03, 21 =21, 12= 12, 20=20, 13=13, 13=13, 03, 21 =21,
22=22, and 22=22. Within each panel in Fig. 7 the rela-

tive intensities of the beams are maintained.
Due to the extensive previous studies of the atomic

geometry of GaAs(110) (Ref. 30) only the rotational re-
laxation model, cf. Fig. 1, was used in the IV analysis.
Five structural parameters were considered: the first-
and second-layer shear angles, co, and co2, and the bond
lengths of the gallium and arsenic atoms in the top layer

(a) GaAs(110)

(0- 1)

C

|2
+—

(01)

C

0
(02)

(03)

(0-2)
CO

C8+
C

(2- 1)

C12)
(1-2)

100 200
Electron Energy (eV)

C 1- 1)

300 100 200
Electron Energy (eV)

300

GaAs(110) (c)

(1-3)

(13)

+
CA

CS
C

(0-3)

(2 1)

(2-2)

(22)

100 200
Electron Energy ( eV )

I

300

FIG. 7. Clean GaAs(110) IV data, solid curves, grouped according to integrated beam intensities. The relative intensities of the
beams are retained within each panel. The dashed lines are the computed intensities of the best fit structural model listed in Table I.
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and between the first and second layers. In terms of the
parameters listed in Fig. 1, the shear angles co, are given

by arctan(b, , ~lb, , ) for i =1,2 with a counter-clockwise
rotation from horizontal being positive.

Table I lists the structure we have determined for
GaAs(110) using the search method described above and
the structural parameters indicated in Fig. 1. Two sets of
results are listed for GaAs(110). The first was obtained

by performing a five parameter simplex search in which
the bond lengths were fixed at the bulk nearest-neighbor
distance, 2.45 A. The second was obtained after a seven
parameter search was performed about the first, five pa-
rameter result. The best fit geometry listed was refined
from the results of the final simplex search in the manner
described above. Only 30 iterations were used in each
simplex search. Except for Vo, the parameters listed in

Table I are at the bottom of a symmetric minimum in R„.
The minimum in Vo is, however, very broad and irregu-
lar. This irregularity occurred, in part, because changes
in the value of Vo can change the range of kinetic ener-

gies that exit the crystal for each diffracted beam and, in

turn, modify the energy range over which R, is comput-
ed.

B. Sb/GaAs(110)

The averaged and normalized IV data for the
GaAs(110)-p(1X1)-Sb system are plotted in Fig. 8. The
eighteen beams used in the structure determination are
01, 01, 02, 11= 11, 11= 11, 12= 12, 12= 12, 10= 10, 02,
03, 20=20, 13=13, 03, 21 =21, 13=13, 22=22, 22=22,
and 21=21, listed in order of decreasing integrated inten-
sities on the energy range of 50 to 300 eV.

Three classes of geometries were considered in the cal-
culations: Goddard, disordered, and Skeath. The God-
dard model is depicted in Fig. 1. This model is the ac-
cepted geometry for Sb/GaAs(110) and has been support-
ed by the results of LEED (Ref. 2) and STM (Ref. 3) stud-
ies. The results of the new calculations using our present
analysis method serve to confirm the results of the previ-
ous LEED analysis and provide a consistent reference
for the bismuth calculations presented in this paper. The
geometric parameters determined in our two-step search
are listed in Table I. The calculated IV curves for the
best fit geometry are plotted against the experimental

data in Fig. 8. The quality of the fit, measured using ei-
ther visual comparison or R, is consistent with that ob-
tained for GaAs(110) in Fig. 7.

The second geometric model considered was the disor-
dered model. STM has established that at one-monolayer
coverage both antimony and bismuth order on
GaAs(110). This conclusion cannot be made directly us-

ing LEED IV data because electron scattering involves
the top several atomic layers of the surface. The effect of
a disordered overlayer is to increase the background in-
tensity in the LEED pattern. The background is sub-
tracted, however, from the IV curves during measure-
ment and so, information regarding the order of the over-
layer is lost. It is also diScult to measure the back-
ground intensity directly in an experimentally meaningful
way. Nevertheless, an indirect test of order in the over-
layer can be made by assuming a disordered geometric
model in the multiple-scattering analysis of the IV data.
With this approach the IV data of the overlayer system is
analyzed using the geometry and phase shifts appropriate
for the clean surface and bond angles and the self-energy
components are allowed to vary. It is assumed that al-
though the adsorbed Sb atoms may modify the geometry
of the top GaAs layer they are arranged without long-
range order and, thus, do not directly contribute to the
IV data. The diffraction geometry is analogous to that
depicted in Fig. 1 with the overlayer atoms replaced by
gallium and arsenic.

The disordered model has been tested for the Sb over-
layer system, cf. Table II. The best results of two simplex
searches for this geometry are listed. The searches differ

by the choice of bond lengths made. The first choice re-
tains the bulk nearest-neighbor distance, 245 A. It corre-
sponds to a picture in which the adatoms bond to the
substrate without modification of the bond lengths in the
substrate periodic lattice. In the second case, the co-
valent bond lengths of the antimony overlayer system
were selected but only gallium and arsenic phase shifts
were used in the calculations.

Because the best R, value found in each case was
found to lie outside the range that leads to a convincing
fit, i.e. , R ~0.3, and because the disordered geometric
model is inconsistent with the STM data, no further
variation of the bond lengths was attempted.

The third geometry tested was the relaxed Skeath mod-

TABLE II. Results of the dynamical LEED analysis using the disordered structural model. The pa-
rameters are the same as listed in Table I. The rows labeled 1 are the results of a search fixing the bond
lengths at the nearest-neighbor distance of bulk GaAs. The rows labeled 2 are the results of a search
fixing the bond lengths at the covalent values listed for the overlayer systems in Table I.

Disordered
model

Sb/GaAs
1

2

(deg)

—35.0
—12.0

C.- 3,
(A)

2.45
2.66

C, -A1
(A)

2.45
2.80

C, -Aq
(A)

2.45
2.60

(deg)

1.7
4.5

Vo

(eV)

10.0
7.6

V,
(eV)

3.4
3.0

0.396
0.322

Bi/GaAS
1

2

—6.4
—9.8

2.45
2.72

2.45
2.92

2.45
2.66 5.0

13.0
13.5

2.4
3.4

0.384
0.358
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el, cf. Fig. 2. The calculations presented here generalize
our previous study by considering relaxations of the sub-
strate in response to the overlayer bonding. Our results
are presented in Table III. In the first step of the search,
the intrachain bond length and the overlayer to substrate

cation bond lengths were held to their covalent values as
listed in the table. The converged calculation did not at-
tain a satisfactory R value. A second search that in-
duced bond-length variations was then performed but
also did not yield a satisfactory R factor, cf. Table III.

1ML Sb/GaAs(110)
(a)

1ML Sb/GaAs(110)

(01) l

(1-2)

C

U

Q
(0- 1);

(1 0)

(02)

(2 0)

1

(1 2) '

100 200 300
Electron Energy (eV)

100 200
Electron Energy (eV)

300

1ML Sb/GaAs(110)

C

0

g

CA

Q)+-
C

(22) l

(2-2) '

(2 1)

100 200
Electron Energy ( eV }

FIG. 8. Sb/GaAs(110) IV data, solid curves, grouped according to integrated beam intensities. The relative intensities of the
beams are retained within each panel. The dashed lines are the computed intensities of the best fit structural model listed in Table I.
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TABLE III. Results of the dynamical LEED analysis using Skeath structural model, cf. Fig. 2.

Skeath
model

Sb/GaAs
Fixed bond
length

y
(deg)

50.1

(deg)

C2-A )

(A)

2.66

Ci-Al
(A)

2.80

C02

(deg)

2.6

Vo

(eV)

10.2

V)
(e&)

4.0

R

0.326

Best fit 52.5 —3.7 2.63 2.75 1.7 10.1 3.9 0.322

Bi/GaAs
Fixed bond
length

35.6 1.0 2.72 2.92 3.2 0.369

Best fit 37.4 4.0 2.69 2.92 —0.9 10.1 2.8 0.341

C. Bi/GaAs(110)

The growth characteristics of the Bi/GaAs(110) inter-
face have been reported previously. " A sixth-order
periodicity in the LEED was discovered and interpreted
to correspond to the short 10 or 11 atom bismuth chains
running along the [110]direction observed in STM mi-

crographs. ' The (6X1}periodicity suggests that an ex-
act LEED calculation should employ a (6X 1) unit cell.
However, the quality of the sixth-order periodicity was
very dependent on sample preparation. Annealing one-
monolayer films improved only marginally the quality of
the (6X 1) LEED pattern, which generally only displayed
one fractional order spot on only some of the beams over
small energy intervals. Furthermore, the fractional order
spots were broader than the integral order ones due to in-
creased surface disorder. Therefore, it was decided to
approximate the system by analyzing only the integral or-
der beams so that the average geometry of the bismuth
chains could be determined. To test this approximation
data collected on annealed and unannealed samples were
compared. The integral order IV curves were essentially
identical for the two sets of samples.

The averaged and normalized IV data for the
Bi/GaAs(110) system are plotted in Fig. 9. The eighteen
beams used in the structure determination are 01, 01, 02,
11= 11, 12= 12, 11= 11, 02, 12= 12, 20=20, 13=13, 03,
21 =21, 13=13, 22=22, 03, 10= 10, 21=21, and 22=22,
listed in order of decreasing integrated intensities. As
above, the relative intensity of the beams within each
panel is retained for comparison. The three geometries
tested for the Sb/GaAs(110) system were also tested for
the Bi/GaAs(110) system and the results are presented in
Tables I—III. Simplex searches were performed for each
geometry using the approach described above for the
Sb/GaAs(110) system. The calculated IV curves for the
best fit geometry, listed in Table I, are plotted together
with measured intensities in Fig. 9.

V. DISCUSSION

The first quantitative atomic geometry for the
GaAs(110) was proposed in 1976. ' Since then several
studies, including the present work, have revisited the

subject with increasing sophistication. The best fit
structure listed in Table I is the result of the first struc-
ture search in which all the structural and nonstructural
parameters were optimized simultaneously and over a
broad range of values. In the first part of Table IV, the
important structural parameters previously obtained for
GaAs(110} using the Duke-Laramore-Beeby multiple-
scattering LEED theory, ' using an alternate multiple-
scattering LEED formulation, and from medium-
energy ion scattering data (MEIS) and Monte Carlo simu-
lations are compared to the best fit values of Table I.
b

& ~ and 52 ~ are depicted in Fig. 1; the shear angles co are
defined above; 5y(As) and 5y(Ga) are the lateral displace-
ments of the As and Ga atoms in the top layer relative to
the bulk positions; and 5d &2 ~ is the expansion of the top-
layer spacing relative to the bulk, defined as the perpen-
dicular distance between the midpoints of the bilayers.

The geometries indicated in Table IV for clean
GaAs(110) are very similar in quality and difFer only in

the detailed numerical values. The results of three
different LEED groups and three different experiments
are represented. The agreement between the best fit

structures derived using LEED is exceptional. The
MEIS analysis also agrees well with the LEED analyses.
One difference between the MEIS and LEED studies is,
however, that in the analysis of the ion scattering data no
second-layer relaxation and no bond-length variations
were required to fit the data. In the LEED cases, both a
small co& and small bond-length variations were deemed
necessary to fit the data. Referring to Table I, our best fit
structure predicts a 1.1%%uo contraction of the As&-Ga2

bond, a 2.7% contraction of the Ga, -As& bond, and a
1.3%%uo expansion of the As&-Ga, bond with respect to the
bulk bond lengths of 2.45 A. It is not established how the
MEIS results would change if the fixed bond-length as-
sumptions were relaxed. A second difference is found in
the lateral displacement of the top layer which is related
to the values of the shear angle and the bondlengths.
Notwithstanding that the earlier LEED analysis by
Meyer et al. gives a better match to the MEIS simula-
tions for the lateral displacements, the fully optimized
geometry presented in Table I and the independent re-
sults of Puga et al. each indicate a small difference be-
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tween the LEED and MEIS, although this difference may
lie within the intrinsic inaccuracies of the various models.

The previous LEED analyses ' using the Duke-
Laramore-Beeby formulation differ from the present one
in a variety of ways. In the previous studies the IV data
was collected by an independent group using different ex-

perimental methods. Only 14 beams and a smaller energy
range were analyzed. The previous theoretical model
maintained a constant inelastic collision mean-free path,
used phase shifts computed for ionic Ga+ and As, and
computed a surface slab of three bilayers exactly. An
energy-dependent mean-free path, neutral atom phase

1 ML Bi/GaAs(1 10) (a)
1 ML Bi/GaAs(7 10)

(02)

C

U
+-

(0 1)

(0- 1)

C

0
0

Q
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(0-2)- (1-3)

(1 2)

(0 3)

(2- 1)

I

100 200
Electron Energy (eV)

300
I

100 200
Electron Energy (eV)

300

1 ML Bi/GaAs(1 10) (c)

C

U
(22)

t

I

(0 -3)

I
C (t 0)!

J (2 t)

(2-2)

100
I

200
Electron Energy ( eV )

FIG. 9. Bi/GaAs(110) IV data, solid curves, grouped according to integrated beam intensities. The relative intensities of the
beams are retained within each panel. The dashed lines are the computed intensities of the best fit structural model listed in Table I.
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TABLE IV. Comparison of best fit Goddard geometries to previous work. See text for a description
of the notations.

GaAs(110)

This work
Duke et al.'
Puga et al.
Meyer et al.'
MEIS (Ref. 35)

Ni

(deg}

—28.4
—31.1
—30.0
—27.3
—29.0

0.70
0.69
0.71
0.65
0.69

COp

(deg)

3.4
2.4
2.4
4.9
0.0

0.08
0.06
0.06
0.12
0.00

6y(As)
(A)

0.23
0.24
0.17
0.33
0.34

5y(Ga)
(A)

0.35
0.51
0.36
0.49
0.51

—0.16
—0.19
—0.16
—0.18
—0.14

Sb/GaAs(110)
This work
Ref. 2

CO I

(deg)
—2.3
—2.9

(A}
0.08
0.10

602

(deg)
4.5
4.0

(A)
0.11
0.10

d]2, 1

(A)
2.34
2.39

8
(deg)
92.4
91.1

Bi/GaAs(110)
This work
Ref. 10

CO 1

(deg)
—2.6
—2.7

(A)
0.09
0.10

CO2

(deg)
4.3
3.2

d]2, J.

(A)
2.52
2.48

0
(deg)
88.3
86.4

'Reference 22.
Reference 34.

'Reference 33 ~

shifts, and a surface slab of four bilayers have been used
here. Finally, our present structure search methodology
represents a more thorough approach than has been used
previously. Despite these differences in the theoretical
models the structures derived are reassuringly similar,
which helps substantiate the utility of LEED in surface
atomic geometry calculations.

The disordered model for Sb and Bi overlayers on
GaAs(110) is clearly ruled out on the basis of the LEED
analysis given in Table II. The R„factors listed in the
table are too large to suggest a good fit. Furthermore,
different initial starting points in the search led to
different local minima. One expects this kind of ambigui-
ty when the structural model is inconsistent with the IV
data. Hence, the LEED analysis is compatible with the
STM micrographs which depict an ordered overlayer for
both the Bi and Sb systems. '

The relaxed Skeath model failed to produce a satisfac-
tory fit to the IV data for both Sb/GaAs(110) and
Bi/GaAs(110). Several starting geometries were used, in-

cluding ones with y near 60' and others with y near 90',
cf. Fig. 2. Searches using both fixed bond lengths and
variable bond lengths were performed. In some cases, the
value of y moved toward 0' as a consequence of the sim-

plex search. These cases were discarded as being unphys-
ical because the corresponding nearest-neighbor distances
were too small. One observes referring to Fig. 2 that for
very large values of y the Goddard geometry is
recovered. This observation was tested for Sb/GaAs by
varying y from 40' to 275', keeping P and co at zero and
the bond lengths at the covalent values. The result was
an R curve that oscillated rapidly with increasing y.
The two deepest minima were near 60 and 230', corre-
sponding respectively to the Skeath and Goddard
geometries. The best fit results where y is constrained to
lie between 20 and 180' are listed in Table III. However,

we observed that the results of the optimization depended
on the choice of initial simplex. The sensitivity of the
calculations to the initial starting geometry and the large
R„values computed cause us to reject this model as a
possible geometry for either Sb/GaAs or Bi/GaAs.

It is interesting that for the Sb/GaAs(110) case our
best fit Skeath geometry is close to that predicted from
total energy minimization calculations. ' We believe this
result is serendipitous because the multiple-scattering
analysis is most sensitive to nearest neighbor distances.
The presence of bonds and valence electron charge densi-

ty is not included in the LEED calculations except in a

very indirect manner via the self-energy term and the
scattering phase shifts. A similar observation cannot be
made for Bi/GaAs(110) where y is near to 37'.

On the basis of our LEED analysis the Goddard mod-

el, cf. Fig. 1, is the most probable atomic geometry for
Sb/GaAs(110) and Bi/GaAs(110). The results of our cal-
culations for these two systems are listed in Table I and

are compared to the literature in Table IV. Generally
speaking, the geometry predicted on the basis of our
simultaneous multidimensional search is indistinguish-
able from our earlier predictions. This observation is

noteworthy for the Sb/GaAs(110) case where the experi-
mental data were collected by a different group. The
quality of fit for the Sb/GaAs system, with R =0.199, is

better than that for Bi/GaAs, with R„=0.238. We be-

lieve that this may be a manifestation of the neglect of
the sixth-order periodicity observed for the Bi/GaAs(110)
system. " An exact (6X 1) LEED calculation would have

to be attempted to check this prediction.
By comparing the best fit results of the Sb and Bi sys-

tems we find corroboration of the concept of p bonding
within the overlayer. This model requires that the
Sb—Sb—Sb or Bi—Bi—Bi bond angle 0 be very close to
90, which, in turn, requires modification of the corre-
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sponding covalent bond lengths. Our best fit results indi-
cate that the Sb—Sb and the Bi—Bi bond lengths under-

go contractions relative to their covalent values by l%%uo

and 2%%uo, respectively, which is consistent with expecta-
tions based on the p and s lone-pair bonding predicted
for this geometry. ' The bond-length variation for the
Sb/GaAs case produces an inconsequential 0.005 im-
provement in the R value and an increase in 0 to 92'
from the covalent bond-length value of 91', cf. Table IV.
For comparison, the tight-binding calculations which
have, as yet, only been reported for Sb/GaAs predict a 8
of 94'. The changes we report for Sb/GaAs are too
small to be viewed as meaningful indicators. The changes
for the Bi/GaAs case are, however, larger. Bond-length
variations induce an improvement of 0.02 in R, and an
increase in 8 to 88' from 86', which taken together indi-
cates a preference for the 90'+2' structure and support of
the p model of bonding. We extend this inference to the
Sb/GaAs system where the analysis is less conclusive.
We also predict an expansion of the Sb—Ga and Bi—Ga
bond lengths relative to their covalent values of 2%%uo and
4%%uo, which results because the covalent bond length is an
unsuitable measure for an overlayer chain that is bonded
to the substrate via hybridization of the Sb or Bi ~ band
of states with the substrate sp band. The predicted
bond-length expansion is, therefore, a manifestation of
the atomic size mismatch of the overlayer with the sub-
strate.

The sensitivity of our LEED analysis technique to the
choice of the physical model deserves some attention be-
cause the analysis utilizes multidimensional optimization.
The optimization procedure, itself, has proven reproduci-
ble and independent of the starting conditions when ap-
plied to the Goddard model. It failed, however, in this
regard when applied to the disordered and the relaxed
Skeath models. We conclude that the occurrence of ir-
reproducibility and starting condition dependence indi-
cates the use of an incorrect structural model and is not
an artifact of the multidimensional optimization method.
The importance of the structural parameters in the
analysis can be inferred by comparing Tables I and II.
The results labeled 2 in Table II correspond to the rigid
bond-length searches of Table I for Sb/GaAs and
Bi/GaAs except that the Sb and Bi adatom scattering
phase shifts were replaced by GaAs ones. Although the
converged R„geometries in Table II are similar to the
corresponding ones given in Table I, the quality of fit is
significantly worse than R values exceeding 0.3. This re-
sult serves to quantify the concept that multiple-
scattering analyses are most sensitive to the physical
geometry and secondary to the nonstructural aspects of
the model, in this case the choice of atomic phase shifts.

Fig. 2, should be examined. In support of this observa-
tion scanning tunneling micrographs of the
Sb/GaAs(110) system were shown to be consistent with
both the geometry of Figs. 1 and 2. ' Furthermore, it
was shown that the analysis of the angle-resolved photo-
emission measurements of surface-state bands for the
Sb/GaAs(110) system could not distinguish between the
two geometrical models. Finally, the previous LEED
study of Sb/GaAs(110) did not conclusively rule out the
alternate model because substrate relaxations were not in-
cluded in the study.

Recent experimental studies have established that Bi
and well as Sb forms epitaxical monolayers on
GaAs(110)." ' An initial LEED analysis suggested that
the geometry is similar to that given in Fig. 1 but did not
perform a comprehensive test of other candidate
geometries. ' Furthermore, despite the isovalency of Sb
and Bi, important differences in their growth characteris-
tics on the III-V (110) family were discovered. These
differences may be explained if a reliable understanding
of the surface chemical bond for each system could be
determined.

In response to these observations we have performed a
comprehensive multiple-scattering analysis of the LEED
intensities from Bi/GaAs(110), Sb/GaAs(110), and
GaAs(110). For each system the data was measured simi-

larly using identical experimental conditions and then an-

alyzed using a common theoretical model. We estab-
lished excellent agreement between our results for
GaAs(110) and previous studies performed by several

groups and, thereby, provided a benchmark of the relia-
bility of our approach. Furthermore, severa1 important
extensions to the LEED analysis technique have been im-

plemented, including a nonlocal multidimensional optim-
ization procedure.

Our conclusion is that the most probable geometry for
both Sb and Bi/GaAs(110) is that shown in Fig. 1. The
relaxed Skeath geometry, Fig. 2, failed to provide an ac-
ceptable fit to the LEED IV data for either system,
despite a wide range of structural parameters tested.
Thus, we have established that the bonding of Bi on
GaAs(110) should be identical to that of Sb and,
specifically, that the p bonded chain applies to both Bi
and Sb overlayers. This is noteworthy because Bi is
known to order diff'erently on III-V (110) surfaces having
larger unit cells, e.g. , GaSb(110), InAs(110), and
InSb(110). The chemical bonding of Bi to these other
systems remains to be determined.
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