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Dynamical calculation of low-energy electron diffraction intensities from GaAs(fop); influence
of' boundary conditions, exchange potential, lattice vibrations, and multilayer reconstructions
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Dynamical calculations of the intensities of normally incident low-energy electrons diffracted from
GaAs(110}, performed using- a matrix-inversion method, are compared both with earlier kinematical
calculations and with measured intensities. The insensitivity of the calculated intensities to the choice of
exchange potential and vacuum-solid boundary conditions is displayed. Surface lattice vibrations are found to
be adequately described by the bulk Debye temperature. %'e consider second- and third-layer structural
distortions as well as top-layer reconstructions. This analysis leads to the selection of the most probable
surface structure for GaAs(110) as one in which the top layer undergoes both a rigid rotation of 27.4' and a

O

0.05-A contraction with the As atoms moving outward and the Ga atoms inward, giving a relative vertical
shear of 0.65 A. In the second layer the Ga moves outward 0.06 A and the second-layer As moves inward
0.06 A. The dynamical analysis reported herein shows no evidence for third-layer distortions.

I. INTRODUCTION

In a series of earlier papers we described the
use of dyna'mical' and kinematical3' elastic
low-energy-electron diffraction (ELEED) inten-
sity analyses to determine the atomic geometry
of GaAs(110). The early dynamical ELEED
calculations" made use of the approximate re-
normalized-forward-scattering (RFS) inethod
and permitted variation of only the top-layer
geometry. Constant-momentum- transfer-
averaged (CMTA) kinematical calculations, 3'

however, suggest that distortions of the upper-
most three atomic layers are necessary to obtain
good correspondence between theory and experi-
ment. Our purpose in this paper is the presenta-
tion of a new dynamical ELEED intensity analysis
for GaAs(110) utilizing a new set of computer
programs based on an approximate matrix-inver-
sion multiple-scattering method, '6 which allows
the examination of reconstructions of an arbitrary
number of surface layers.

In addition, a number of issues have been
raised in the literature in connection with re-
constructions of metal surfaces which have
been unresolved as regards semiconductor sur-
faces. Recent ELEED calculations for metals' '
indicate that the use of Kohn-Sham exchange'
in the formulation of crystal potentials gives
better agreement with experiment than the use
of Slater exchange. " We have, therefore, ex-
plored the effects of model exchange potential.
Our results indicate no significant difference

in agreement with experiment for Kohn-Sham
(KS) versus Slater exchange in GaAs(110), in
contrast to the results found in metals. We also
reconsider the issue, raised previously by Duke
et gE. , ' of the influence of vacuum-solid boun-
dary conditions on the intensity profiles obtained
in ELEED calculations, and investigate the effects
of a new boundary condition. Furthermore, the
effects of surface vibrations are examined for
the GaAs(110) surface. We conclude that sur-
face lattice vibrations are not enhanced on the
(110) semiconductor surface, as is the usual
case for metal surfaces. '3'4 Finally, we com-
pare the structure of GaAs(110), as determined
from our dynamical EI EED analysis, to the
structure as determined by several energy-
minimization"' ' and angular- resolved photo-
emission' methods. Unlike the case of the ele-
mental semiconductor Si(100) P(2&&1), where the
dynamical ELEED structure determination gives
a result incompatible with the results of the
photoemission analysis, '8 we will see that our
structure is in excellent agreement with that de-
termined by other methods.

To place in perspective the issues raised above
we proceed in two steps. First, in Sec. II we
describe the influence on the calculated ELEED
intensities of the nonstructural parameters,
i.e., the construction of the crystal potentials,
the modification of the atomic scattering factors
to include the effects of temperature, the boun-
dary conditions, and the method of computation.
Then, in Sec. III we describe the results of the
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structural analysis. In Sec. IV we summarize
our results and compare them with those ob-
tained by other methods.

II. MODEL CALCULATIONS Al, x
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hl, y
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Since the computational procedure used in our
analysis has already been described, ' we con-
fine our discussion of the model to the new fea;
tures which have been introduced to this calcula-
tion. Specifically, in this section we consider
(i) the electron-solid interaction, consisting of
the evaluation of the crystal potential and the
modification of the atomic scattering factors to
include lattice vibrations, and (ii) the computa-
tional procedure and the effects of the choice of
boundary conditions at the vacuum-solid inter-
face. We discuss each in turn.

A. Electron-solid interaction
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The crystal potentials were calculated with an
overlapping- atomic- charge- density model'~ using
the expression

RECIPROCAL
LATTICE y [p1] y [pp] ~ [p1]

(hK) = (hK)

V,(r) = +— 0(t)dt+e dt
—Ze e "

o(t)

, So(r) i'~'
—3o.e'

32m/)

in which o(r) is the crystal radial charge density
resulting from a superposition of ionic charge
densities. The last term in Eq. (1) is the Slater
approximation' to the exchange energy if n =1,
and the Kohn-Sham approximation'0 to the ex-
change energy if n =-—', . To evaluate the crystal
potential we utilize the. charge densities asso-
ciated with singly ionic species, i.e., Qa As .
The crystal structure (see Fig. 1) is that given
byWyckoff. ' As previously' we use the muffin-
tin radii rMIr =1.25 A, roMr=1. 20 A as determined
from crystal potential crossover. The Wigner-
Seitz radii are x„"s=1.79 A, and x„s=1.72 A.
Once the crystal potential in a given Wigner-
Seitz cell has been obtained, it is reduced to
muffin- tin form.

The scattering of electrons from each ion core
of type v is described by a set of phase shifts
5', (F) which depend on the ion type and the inci-
dent electron energy. In this calculation we have
considered phase shifts generated using Eq. (1)
with (i) V,(r) and g(r) calculated using o. =1, . (i.e.,
Slater exchange) and (ii) V„(r) and g(r) calculated
using n =-'„[i.e., Kahn-Sham (KS) exchange J.
The Slater phase shifts are shown in Fig. 2 for
the Ga' and As ions. There is little difference
between the Kohn-Sham and Slater phase shifts,

[11] ~ [1P] ~ [11]

and so the Kohn-Sham phase shifts are not
shown.

The optical potential associated with the elec-
tron-electron interactions is taken to be spacially
uniform outside the muffin-tin spheres and of
the form

Z(E) =- Vo —i@[2m(E+Vo)J'~ /m&„, (2)

where. V, is the real "inner potential" and X„ is
the inelastic- collision damping length. ' By
trial and error we have chosen Vo

——10 eV and
A.„=10A. This procedure probably is less pre-
cise than the B-factor method, in which the
inner potential Vo is treated on a par with the
structural parameters, but is the best that can
be done sensibly given the complex surface
structures and modest reproducibility of ELEED
data from compound semiconductors.

The final parameters which we must specify
are those associated with the vibrational motion
of the atomic scatterers. This motion is incor-
porated into the calculation of the ELEED inten-
sities by a renormalization of the rigid-lattice
electron-ion-core vertex. In the case of a rigid
lattice, these vertices are given by'

FIG. 1. Schematic indication of the surface atomic
geometry and the associated ELEED normal incidence
spot pattern for the (110) surface of GaAs. The symbols
utilized in Table I are defined in the upper panel of the
figure.
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lattice vibrations on GaAs(110) we have con-
sidered three models: (i) the rigid-lattice model
T =0, (ii) the bulk vibration model, in which HD

=345 K for all layers, and (iii) an enhanced sur-
face vibration model, in which OD"" '=173 K

d ebD"ik 345 K. These have been compared
with data taken at T =150 and. 300 K.
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~p'(k(E))=k„' (k(E))+ &p "(k(E))GPI(k;),

xr„'~ (k(E)), (5)

B. Boundary conditions and computational procedure

The matrix-inversion computer programs used
to perform the calculations of ELEED intensities
from GaAs(110) are modified versions of those
described by Laramore and Duke. ' The scat-
tering within each subplane is calculated in the
angular momentum representation by

2 ~@2

t,(k', k) = Q(2l+1)(e "2~ s' 1)-
mk(E),

where

x Y*, (k') Y,„(k),

k,'(g, E) =2m[E- Z(E)]/5'- (k„+g)' (3b)

k,', =2mE sin'8/I' . (3c)

The vector g is a vector in the surface reci.pro-
cal lattice, k is a unit vector in the direction of
k, and v labels the layer parallel to the surface
in which the ion core is found. The 6",(E) may
depend explicitly on this index. The consequen-
ces of atomic vibrations are introduced, in an
approximate way, "by the multiplication of the
rigid-lattice t vertices by the associated Debye-

aller factor. Using the spherical Debye model
of the lattice-vibration spectra we get

b„(k', k) =t„(k', k) exp[- (k' —k) W„(T)], (4a)

where
eV( zr

In order to assess the nature of the surface-

I . I I I
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P/Q. 2. Phase shifts for the Ga+ and As species re-
sulting from Slater exchange.

where Z~ =Z, Z„' „, and G" is the subplane propa-
gator. The interference between subplanes is
given by the matrix equation

TLL'(k(E))=T~ (k(E))+ Q Q T (k(E))
L~Lp v~lv

xG""~ (k.)T'2'(k(E)),

where GL"~L, is the interlayer propagator. The
amplitude T„ for all scattering processes where
the final scattering event takes place in the vth
layer is then given by

(6)

T„(k~, k,.) =Q T„'(k( E)) Y~( k~) Y~, (k, ) .

In this calculation we make the approximation
that T„. , for v ~3, is calculated by limiting the
sum over v, to v, =3. That is, the interlayer
scattering within the top three bilayer slab,
where most reconstruction occurs, is treated
exactly. The interlayer scattering is ignored
for the deeper layers, and we approximate T„
by 7„L . We limit ourselves to a six-layer cal-
culation since the addition of further layers
does not significantly change the result for the
values of A.„used herein.

The approximate T-matrix calculation just des-
cribed is similar to approximations used pre-
viously on GaAs. Lubinsky et aE. ' used a method
in which the T-matrix was evaluated for the
uppermost bilayer, and the RFS approximation
was used for lower layers. Tong et &E. ' have
used a similar approximation, which they call
the combined-space method, ~ in which scat-
tering within the uppermost two-bilayers is
s.olved exactly, whi. le scattering in lower layers
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sine& ——k&„/Re(k&),

or only using the real parts of k in the F, 's.
We refer to this procedure as the "optics" boun-
dary condition. Duke et g/. ' have considered
several possible alternate definitions of Y, (k).
Realizing that the exiting beam propagates in the
s &0 direction and is continually damped,
—k,'(g, E), a number in the lower-half complex k

plane, also is physically reasonable for use in
formulating Y*, (kz). This will be called boun-
dary condition two, i.e., "BC2."

(8b)

C. Sensitivity analysis

is treated by the RFS method.
Turning to the topic of boundary conditions,

we see that since in the inelastic collision model"
the values of k are complex, the Y,„(k) in ex-
pressions like (3a) and (7) are not defined. The
problem of wave propagation in an attenuating
medium is a common problem in optics, e.g.,
the problem of refraction of a light wave at a
metal surface. The accepted solution to the
problem of defining trigonometric functions for
complex wave vectors in optics consists of
utilizing functions. describing the motion of sur-
faces of constant phase. These surfaces do not
in general coincide with surfaces of constant
amplitude. This choice is equivalent to choosing

cos8& ———Re(kz, )/Re(kz) (8a)

Ga As ( I IO) (12 ) BEAM

(c)

0 30 60 90 I 20 I50 l80 2IO
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4

FIG. 3. Comparison of the predicted normal-incidence
intensities for the (12) beam calculated using Slater ex-
change and a rigid lattice, with the surface structure of
Tong et al. (Ref. 26). Curve (a): calculated intensity us-
ing four phase shifts and solving the T matrix of the top
four layers exactly in Eq. (6). Curve (b): same as
curve (a), only solving the T matrix of the top three
layers exactly in Eq. (6). Curve (c): same as curve
(b), only calculated using six phase shifts. Curve (d):
intensity calculated by Tong et a'E. , (Ref. 26) using the
combined space method (Ref. 27). The potential and
phase shifts used by Tong et a/. were not specified in
Ref. 26.

In any surface structure determination via
ELEED intensity analysis a number of features
of the model calculations are selected which are
not related directly to the surface atomic geo-
metry. In'our case these include the choice of
exchange potential (KS versus Slater), the in-
clusion of lattice vibrations (rigid-lattice ver-
sus bulk-lattice vibrations versus enhanced-
surface vibrations), the choice of vacuum-solid
boundary conditions (optics versus BC2), and the
convergerice of the approximation schemes.
This subsection is devoted to an assessment of
the consequences of these choices and of the un-
certainties in the values of the structural para-
meters introduced thereby.

The first important-ingredient in this assess-
ment is the establishment of convergence of the
computational scheme, both in terms of the num-
ber of phase shifts used, ,and the number of lay-
ers for which the T matrix is solved exactly.
In Fig. 3 we show the (1$ beam. From com-
parisons of panels (a) and (b) we see little
effect for solving the T matrix for four and three
layers exactly, respectively. Similarly, we see
that for this beam at least, four phase shifts is
a good approximation to the -six-phase- shift
result [panels (b) and (c)]. For comparison, we

show the same beam calculated by Tong's com-
bined-space method [panel (d)]. Our calculations
suggest, therefore, that the use of four phase
shifts is an adequate approximation to test the
effect of variation of nonstructural parameters.
%e also note that the computation scheme out-
lined in Sec. II8 converges quite well when we
solve the T matrix exactly for only the top three
layers.

Similarly, we must address the question of
boundary conditions to be used in the diffraction
calculation. Duke et al. ' examined the impor-
tance of the choice of boundary conditi. ons in
ELEED calculations- from metal surfaces and
found that the choice was unimportant, except
at low energies E &30 eV. In Sec. II B we re-
examined the question of vacuum- solid boundary
conditions, and introduced the "optics" boundary
condition. We have compared the optics boun-
dary condition with that used in previous ELEED
calculations, "labeled BC2. As in the case of
metals, we found that the intensity profiles are
insensitive to boundary condition choice, ex-
cept at low energies, E & 40 eV, where the optics
boundary condition enhanced peak heights by
approximately 20'//0 over those calculated with
BC2. Thus throughout most of the region of



MEYER, DUKE, PATOIS, KAHN, SO, YEH, AND MARK

V)I-

0"

lZ

m
CL

5-

CA

UJ
z Q-

z

Ga As ( I 10) (01 ) BEAM

SL

Q I

0 30

KS

60 90 120 150 [80 2IO 240
ENERGY (eV )

FIG. 4. Comparison of the predicted normal-inci-
dence (01) intensities obtained using Slater exchange
(SL) and Kohn-Sham exchange {KS) for the structure
published by Tong et al. (Ref. 26). The calculations
were performed using a rigid-lattice model, and four
phase shifts.

interest, the choice of boundary condition is
immaterial in the analysis of surface structure.
We utilize the optics boundary condition in the
remainder of our calculations.

In view of the advantages claimed for KS local
exchange over Slater exchange in metals, ' ' we
have examined the intensity profiles calculated
using both KS and Slater models (using four
phase shifts). Typical results are shown in

Fig. 4 for the (01) beam, using the structure
published by Tong et gl. Similar results are
found on other beams, and with other trial struc-
tures. It is plain that only negligible differences
exist between the intensities calculated with the
different potentials. Therefore, in Sec. III we

present only calculations embodying phase shifts
constructed with the Slater exchange model,
although we performed many calculations using
KS phase shifts also.

In a recent analysis of ELEED intensities
from ZnO(1010) we reported on the sensitivity
of some beams to the presence or absence of
lattice vibrations in the diffraction calculation.
Due to the absence of low-temperature ELEED
datafor ZnQ, we were unable to pursue theques-
tion of magnitude of vibrations on the semicon-
ductor surface. Similarly, previous dynamical
analyses of GaAs(110) were either carried out for
a rigid lattice' or in a temperature regime
where lattice vibrations were claimed to be
unimportant. In metals it is well known that
surface vibrations are described by a Debye
temperature on the order of half that of the
bulk. '3' In GaAs it is known that some surfaces

are more stable than others, 3 which would cor-
respondingly influence surface vibrations. For the
these reasons we decided to explore the magni-
tude of lattice vibrations in GaAs(110).

ELEED data. from GaAs(110) was taken for
T =150 and 300 K for the (01), (OT), (10), (11),
(11), (02), (21), (12), (13), and (13) beams at
normal incidence. The data acquisition has
been described elsewhere', ",'.' and will not be
repeated here. Temperature was found to have
little effect on the experimental intensity pro-
files [compare panels (d) and (e), Figs. 5-14].
Lattice vibrations were incorporated into the
model calculations as described above, although
four phase shifts were utilized in the computa-
tions. Our final results for a variety of inter-
esting structures and for both rigid and vibrating
lattice models are presented in Figs. 5-14.
Panels (d)-(f) of Figs. 5-10 reveal that the in-
clusion of lattice vibrations had little effect on
the calculated intensity profiles of the lower or-
der beams. For the higher-order beams, how-

ever, peaks situated at higher than 100 eV were
found to virtually vanish when a model of lattice
vibrations with eD"'"=345 K, and QD

' '=0.5
eD"'" was used, particularly for the (21) beam
[see Fig. 11 panels (e) and (f)], the (12) beam
[see Fig. 12, panels (e) and (f)], and the (13)
beam [see Fig. 14, panels (e) and (f)]. This is
in clear disagreement with experiment, as
shown in panels (d) and (e). Consequently, we
conclude 'that e~D"" ' =en"'~. To illustrate the
veracity of this hypothesis, we include in panel
(e) of Figs. 5-14, the intensities predicted by a
model in which OD" ~

=. 8D" =.345 K. The re-
sults are either uIlchanged or improved for all
beams relative to those predicted by the model
jn which esuriace 0 5 ebulk

III. STRUCTURAL ANALYSIS

Given the negligible effects of the model ex-
change potential and the vacuum-solid boundary
conditions, we have performed our structural
analysis using Slater exchange and the optics
boundary condition discussed in Sec. II. Our
structural analysis was performed using two
vibrating lattice models described by (i) T =300 K
with OD =345 K for all layers [panel (e), Figs.
5—14] and (ii) T =300 K with OD =175 K for the
surface layer and QD=345 K for all other layers
[panel (f), Figs. 5-14] for comparison with, data
taken at T =300- K. In addition, - due to the effects
of the model of lattice vibrations, we have cal-
culated our final structures [panels (a)-(d),
Figs. 5—14] using a rigid lattice model for com-
parison with data taken at T =150 K, where the
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FIG. 6. Same as Fig. 5, only for the (OT) beam.

FIG. 5. Comparison of calculated (solid curves, six
phase shifts) and measured (dashed curves) intensities
of the (01) beam of normally incident electrons diffracted
from GaAs (110). Curve (a): the measured intensity at
T = 150 K '(dashed curve) and the calculated intensity
(solid curve) using the bulk geometry of Wyckoff (Ref.
20) and the first-layer distortion of Tong et al. (Ref.
26) for a rigid-latticemodel. Curve (b): same as
curve (a), but evaluated using the three-layer recon-
struction of Kahn et al'. (Ref. 4) and a rigid lattice.
Curve (c): same as curve {a)but evaluated using the
three-layer reconstruction of Miller and Haneman (Ref .
16) described in Table I )panel {c)Jand a rigid lattice.
Curve (d): same as curve (a), but evaluated using the
two layer "best fit" reconstruction described in Table
I [panel (d)] and a rigid lattice. Curve (e)i same as
curve (d), but evaluated using a lattice described by T
= 300 K, Oz= 345 K, and measured intensity (dashed
curve) at T =300 K. Curve (f): same as curve (d), but
evaluated using a lattice described by T =300 K, O&
(surface) =173 K, O~(bulk) = 345 K.

effects of lattice vibrations (which are apparent
at T =300 K) are more modest. Initially, a
complete range of single-layer reconstructions
was examined corresponding to the Wyckoff~
bulk GaAs geometry modified by rigid rotations
of the top layer in the range 25'-34.8 with the

As being rotated outward and the Ga inward, as
shown in Fig. 1. This produced a top layer
vertical shear between the As and Ga in the
range 0.60-0.80 A. Comparisons with mea-
sured EI.EED intensities from 11 samples and
their average [shown as the dashed curves,
Figs. 5-14] were performed for the (01), (01),
(10), (11), (11), (02), (21), (12), (13), and (13)
diffracted beams associated with normally inci-
dent electrons.

It is worthwhile noting that the variation of
individual sample intensity profiles from the
average shown is generally less than + 10% for
prominent peaks and better in other regions.
Thus the average intensities shown adequately re-
present the intensity profile of any individual
sample.

The initial search revealed that a top-layer
rigid rotation of the As outward within the range
27 -30, with the corresponding vertical shears
of 0.65—0.70 A, presented the most satisfactory
comparisons between the calculated and observed
intensities for the majority of the beams ex-
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FIG. 7. Same as Fig. 5, only for the (10) beam. FIG. 8. Same as Fig. 5, only for the (11)beam.

amined. The (01) beam favored a larger shear of
-0.80 A. Such a large shear tended, however,
to diminish the quality of the description of the
measured intensities of the (ll) and (11) beams.
In the original GaAs(110) structural analysis'
only the (01), (01), and (10) beams were ana-
lyzed. Thus the earlier ana3.ysis tended to favor
a larger rotation of the top layer due to the
limited data set, although the error bounds
established therein encompass our present best-
fit structure.

Good agreement between theory and experiment
has previously been obtained using a kinematical
analysis of averaged LEED intensity data by
including second- and third-layer distortions of
the form: first layer As up 0.26 A, first layer
Ga down 0.44 A, second layer As down 0.06 A,
second layer Ga up 0.06 A, third layer As up
0.03 A, and third layer Ga down 0.03 A, as
shown by Kahn et gl. In their kinematical
analysis Kahn et a/. ' found that the (. 11)=(11)
and (01) beams were the most sensitive to
third-layer distortions and used the description
of these beams to argue for such distortions.
In order to assess the validity of their conclu-
sions based on the kinematical structural analy-

sis mthod, we have compared the intensity
profiles for the structure proposed by Kahn
et gl. , and the same structure except with third-
layer distortions removed for those beams which
they used to obtain these distortions. The re-
sults are shown in Fig. 15. We see that the peak
at 180 eV in the (11) beam occurs dynamically,
even for third- layer distortions removed. This
contradicts the kinematical results, as dis-
cussed by Kahn et al. Indeed, there is little
difference in intensity profiles between the two-
and three-layer reconstructions [compare Fig.
15, panels (b) and (c) and panels (f) and (g)].
Thus we conclude that LEED is largely insensi-
tive to small third-layer structural distortions,

~

b, „~ ~0.1, even though we believe they probably
occur."

To summarize, the range of best single-layer
distortions found was in the range of top-layer-
shears of 0.65-0.70 A. Within the limits of LEED
accuracy, this result is identical to the surface of
Tong et al. , [see Table I, panels (a) and (b)]. It
also lies within the limits of uncertainty of the
structure determined kinematically by Kahn et al. '

We have see, however, that the dynamical elec-
tron-diffraction program is insensitive to small
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FIG. 9. Same as Fig. 5, only for the (1T}beam.

third-layer distortions. In view of this contradic-
tion between the kinematical and dynamical re-
sults, we have investigated second-layer distor-
tions of the As and Qa sublattices with relative
shears of up to ~A~~ =0.20 A, using dynamical
calculations embodying the Slater-exchange model
potential.

The best fit was obtained using a top layer ro-
tated by 27.4 and contracted downward 0.05 A,
with a relative shear of the second layer of 0.12 A

obtained by moving the second-layer As downward
0.06 A and the second layer Ga upward 0.06 A from
their positioris in the bulk. This structure is iden-
tical to the second-layer reconstruction found by
kinematical methods. Tong et gl. concluded that
the surface bilayer is contracted toward the bulk
by 0.1 A. With the second-layer reconstruction
described above, a contraction by 0.1 A was found
to be too much, a significantly better value being
0.05 A. This result is also in agreement with
total energy minimization results. ~5

The intensity profiles shown in Figs. 5-14,

FIG. 10. Same as Fig. 5, only for the (02) beam.

panels (a), (b}, (c}, and (d), respectively, are the
calculated dynamical intensities obtained from the
Tong et a3. single-layer reconstruction, ' panel
(a), from the kinematical best-fit structure of
Kahn et al. ,

4 panel (b), from the energy minimiza-
tion calculation of Miller and Haneman, ' panel
(c}, and from our dynamical-calculation best-fit
structure, panel (d). Computer profiles for
Chadi's total-energy-minimization structure are
not shown because they are essentially identical
to those obtained using the dynamical best-fit
structure. Although the single-layer reconstruc-
tion of Tong et gl. gives a better description of a
limited number of beams [compare panels (a), (b),
and (d), Figs. 12 and 13], the multilayer recon-
structions give a better description overall (see
especially Figs. 7-10}. It is noteworthy that most
of these structures, shown in Table I, deviate
from each other by less than the usually quoted
accuracy of ELEED structure analyses, i.e. ,
h, d, -0.1 A and d„-0.2 A. The significant struc-
tural results emanating from the dynamical multi-
layer analysis are the occurrence of second layer
reconstructions [structure (d) is preferred over
structure (a)] and the superiority of bond rotation
relative to normal displacement models [structure
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(d) is preferred over structure (b)].
We conclude, therefore, that analysis of avail-

able LEED data supports the existence of second-
layer structural distortions. We are unable to de-
tect small third-layer reconstructions, however,
because of the lack of sensitivity of our dynamical
calculations to distortions of the size expected in
the third layer. " Nevertheless, the first- and
second-layer distortions are in excellent accord
with those predicted by both t;otal-energy ' and
elastic-energy~6 minimization techniques. In-
deed, it is evident from Figs. 5-14 that the Miller-
Haneman structure, [panel (c)] deduced from EPR
data top-layer reconstructions plus elasticity-
theory-determined lower-layer distortions, de-
scribes the observed intensities as well as our
best-fit structure [Panels (d)-(f)]. The only pre-
viously determined structure of GaAs(110) which
is clearly excluded from correspondence with
our ELEED data is the 19'bond-rotation structure
determined by Pandey et pl. s 36 on the basis of a
tight-binding model analysis of angle-resolved and

angle-averaged photoemission data. The corre-
sponding value of 4, ,=0.46 A for the Pandey
structure lies well outside the region of acceptabj, e
values of this quantity (i.e., 0.64 A ~ b.~, , ~ 0.7 A)
specified by Table I and Figs. 5-14. Indeed the
Pandey 19' rotated structure, as shown in Fig.
16, gives noticeably poorer correspondence with
experiment than the preferred structure shown in
panel (d) of Figs. 5-14. The Pandey structure
lacks peaks at 150 and 210 eV in the (10) beam,
a peak at 170 eV in the (11)beam, and a peak at
180 eV in the (02) beam. On the (01) and (11)
beams peaks are predicted in locations where ex-
periment shows minimum intensity. Similar re-
sults are found for other beams. Tong et al.
have performed dynamical calculations for a 20
rotated structure, and have also concluded that
this structure is inconsistent with the available
ELEED data. Since analyses of photoemission
data lead to uncertainties in b& g of as much as
0.4 A, however, we conclude that the Pandey 19'
rotated structure concurs with ours given the un-
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certainties inherent in the photoemission analyses.

IV. SYNOPSIS
t

In this paper we report a new surface-structure
determination for GaAs(110) via dynamical ELEED
intensity analysis which represents an expansion
of our earlier work in four directions. First, the
sensitivity of the calculated ELEED intensities to
the model exchange potential is examined. It is
found that KS and Slater exchange give virtually
identical agreement with experiment, in contrast
to the case of metals, where KS is found to be
superior. Second, the sensitivity of the intensity
profiles to a new boundary condition for the treat-
ment of spherical harmonics of complex vectors
is investigated and found to have little effect.
Third, the effect of surface vibrations on higher-
order ELEED beams, and their implications for
the magnitude of the surface Debye temperature

are explored. Fourth, an extension of our matrix
inversion computer program which permits an
approximate treatment of multiple scattering in
the bulk, but treats exactly the scattering in the
surface region where reconstructions are large is
reported. The resulting ELEED intensities for
the most probable structures are compared with
averaged data from 1j. samples taken at normal
incidence in Figs. 5-14.

On the basis of our model calculations we con-
clude that the uppermost two atomic layers are
reconstructed relative to the truncated bulk-solid

0
structure given by a unit mesh g,„=4.00 A, g,
=5.65 A, and atomic positions d, f2 2.00 A, ,
d, » —2.00 A, d„&(Ga) =4.24 A relative to an ar-
senic species at the origin of the unit mesh.
Specifically, we find that d, &2(As) =2.20+0.1 A,
d, 23(As) =1.94+0.1 A, d, &2(Ga) =1.43+0.1 A,
d, 23(Ga) =2.06+0.1 A, and h„&(Ga) =4.40+0.2 A.
These tolerances include both the multilayer re-
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FIG. 15. Comparison of calcuIated [solid curves:
four phase shifts, T'=300 K, OD (surface) = 276 K] and
measured (dashed curves) intensities of normally in-
cident electrons diffracted from GaAs(110). Curve (a):
the measured intensity at T = 300 K (dashed curve) and

the kinematically calculated intensity (solid curve) us-
ing the bulk geometry of Wyckoff (Ref. 20) and the
three-layer reconstruction of Kahn et al. (Ref. 14) for
the (ll) beam. Curve (b): same as curve (a), but
calculated dynamically. Curve (c): same as curve (b),
but no third-layer distortion. Curve (d): same as
curve (c), but calculated kinematically. Curve (e): the
measured intensity at T= 300 K (dashed curve) and kin-
ematically calculated intensity (solid curve) using the
three-layer reconstruction of Kahn et al. (Ref. 4) for the

(OT) beam. Curve (f): same as curve (e), but calculated
dynamically. Curve (g): Same as curve (f), but nc

third distortion. Curve (h): same as curve (g), but cal-
culated kinematically.

construction proposed for GaAs(110) by Kahn
et al.' and the single layer reconstruction of Tong
et al. '6 from an analysis of ELEED data. They
also are consistent with Chadi's conclusions from
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analysis of angular resolved photoemission data, '
Chadi's energy minimized structure, ~5 Miller and
Haneman's hybrid EPR-energy-minimized struc-
ture, ' and the Goddard et a/. quantum chemical
calculations. While superfically they appear dif-
ferent from the 19 bond-rotated structure of
Pandey et pl. , the large uncertainties inher-
ent in the methodology used to obtain this struc-
ture render the two results compatible although
not identical. The improvement in agreement be-
tween theory and experiment relative to the single-
layer reconstructions of Lubinsky et pl. ' and
Tong et gl.' is a strong indication of the presence
of second-layer reconstructions. There is, how-
ever, no dynamical ELEED evidence to support
the kinematical CMTA analysis, indicating the
presence of third layer distortions.
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