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Dynamical calculations of the intensities of normally-incident low-energy electrons diffracted from

ZnO(1010), performed using an "exact" matrix-inversion method, are compared both with earlier
calculations based on the renormalized-forward-scattering (RFS) method and with measured intensities. The
sensitivity of the calculated intensities to the choice of model potential and the magnitude of thermal atomic
vibrations is displayed within the context of examining the implications of uncertainties in nonstructural
model parameters on surface-structure determinations via elastic low-energy-electron diffraction (ELEED)
intensity analyses. We extend our earlier analysis of the surface structure of ZnO(1010) by utilizing the
matrix inversion rather than RFS method, a recently revised bulk geometry for ZnO, an improved model

potential, and a consideration of second-as well as top-layer structural distortions. The combination of these
four improvements lead to the selection of the most probable surface structure for ZnO(1010) as one in

which the top-layer oxygen is displaced vertically downward by Ad, (O) = —0.05+0.1 A and the top-layer
zinc likewise by hd, (Zn) = —0.45+0.1 A. No compelling evidence either for lateral distortions within the

top layer or for second-layer distortions is obtained, although small improvements in the agreement between

the calculated and observed intensities can be achieved by considering them. Our major conclusion is that
given the limitations in the available ELEED intensity data and the uncertainties in the model potential and

surface atomic vibrations, the vertical distortion cited above constitute the maximum structural information
that can be extracted unambiguously via ELEED intensity analysis at the present time.

I. INTRODUCTION 8'URTZ/7E (IO/OJ

In a series of earlier papers' ~ we described the
use of elastic low-energy-electron-diffraction
(ELEED) intensity analysis to determine the
atomic geometry of the low-index faces of ZnO
and the unique position of ZnO at the boundary
between "ionic" and "covalent" semiconductors
as determined from their bulk structure (i.e.,
cubic versus tetrahedrally coordinated). Since
the performance of these early calculations, how-
ever, a number of computational and conceptual
issues have arisen during the course of ELEED
studies of other semiconductor surfaces, "and a
new structure of bulk ZnO (see Ref. 7) has been
called to our attention. ' Our purpose in this paper
is the presentation of a new and considerably ex-
panded ELEED intensity analysis for ZnO(1010),
the truncated bulk structure of which is shown in
Fig. 1. In particular, we utilize a set of computer
programs based on the matrix inversion multiple-
scattering method, "which both avoids the need
for the approximate renormalized-forward-scat-
tering (RFS) method used earlier, ' and permits
the examination of reconstructions from the bulk
geometry of the second (and deeper) atomic layers
as well as the uppermost layer. We also consider
the issue, raised by recent analyses of EI RED from
MgO (Ref. 10)and NiO, "of the nature and magnitude
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FIG. 1. Schematic diagram of the side (upper panel)
and front gower panel) view of an unreconstructed sur-
face of ZnO(1010).
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of uncertainties in semiconductor structure
determinations via ELEED intensity analyses
caused by corresponding uncertainties in the mod-
el potential. Finally, the analysis reported here-
in embodies both the most recent bulk structure
of ZnO, ' rather than that given by Wyckoff, "and
a revised value for the Debye temperature e~
=385'K, which is the average of several measured
va].ues" " of this quantity.

We proceed in three steps. Our model calcula-
tions and their sensitivity to the values of the non-
structural parameters are described in Sec. II.
Section III is devoted to the presentation of the re-
sults of our structure analysis of ZnO(1010). In-
itially only top-layer reconstructions are can-
sidered. Then, the extension of this analysis to
incorporate second-layer reconstructions is
given. We conclude with a synopsis of our re-
sults.

11. MODEL CALCULATIONS: SENSITIVITY ANALYSIS

This section is devoted to descriptions of the
model electron-solid interaction, the computa-
tional procedure utilized to evaluate the ELEEP
intensities, and the influence on the predicted
intensities of the computational procedure and of
the values of the nonstructural parameters. Each
of these topics is considered below.

A. Electron-solid interaction

The model electron-solid interaction is speci-
fied in terms of three types ef parameters: those
describing the electron-ion-core potential in a
rigid lattice, those describing the electron-elec-
tron-interaction-induced "optical" potential, and
those describing the thermal motions of the ion
cores. We discuss each in turn.

The electron-ion-core interaction in a rigid
lattice is described by a one-electron muffin-tin
potential. Specifically, we consider a model con-
sisting of spherically symmetrical ion-core po-
tentials within individual layers of the solid paral-
lel to its surface. ' "-" For such potentials the
scattering of the electrons from an individual ion
core is specified by a sequence of phase shifts
(6, (E)j, which depend on the angular momentum
I.= /5 and energy & of the incident electron rela-
tive to the scatterer. All electron-ion-core in-
teraction potentials are characterized by calcula-
ting the phase shifts (for I ~ 10 and energies in the
range 0 &E &180 eV) by numerical integration of
the Schrodinger equations associated with the in-
dividual ion cores. In our dynamical calculations
of the ELEED intensities, however, only the first
four phase shifts, .) ~3, were used, a restriction

whose validity was verified explicitly by Duke
et al.

'The ion-core potentials are evaluated using an
overlapping atomic charge density model. " This
task is accomplished in two steps. First, the
crystal potential V, (r} is calculated, and then it
is reduced to the muffin-tin form for evaluation
of the phase shifts. A local (Slater-exchange}
approximation" is used for the exchange terms
in the potential. To evaluate the crystal poten-
tial we utilized the charge densities associated
with singly ionic species, i.e., Zn O . For
fixed muffin-tin radii, the ionic or atomic nature
of the charge densities exert rather little influence
on the resulting phase shifts and ELEED inten-
sities. The crystal potentials are different for
the Wyckoff" and Abrahams-Bernstein' ZnO
crystal structures, however, both because of the
different atomic distances involved in the compu-
tation of the crystal charge density, "and be-
cause the Madelung constants depend implicitly
on the structural parameters. '0 Numerical evalu-
ation of the Madelung constants revealed that the
latter effect was only a few percent, however, so
we utilized the value for an ideal tetrahedrally
coordinated zinc-blende lattice' in evaluating the
crystal potential. Cross-sectional views of the
crystal potentials taken through a Zn-0 bond in a
plane parallel to the (1010) surface (see, e.g. ,
Fig. 1) are shown in Fig. 2. Model 1 refers to the
Abrahams-Bernstein structure' [nearest-neighbor
d(ZnO) =1.973 Aj and model 2 to the Wyckoff
structure" [4(Zn-0) = 1.8 A]. Duke st al. utilized
the atomic radii" d„(O) = 0.6 A and d„(Zn) = 1.35 A
as the muffin-tin radii for the Wyckoff structure.
While this choice is acceptable for atomic poten-
tials, it is evident from Fig. 2 that it greatly un-
derestimates the 0 potential and overestimates
the Zn' potential. Therefore, as described in our
analyses for" GaAs and ZnSe, ' we select the
crossover point in the crystal potential along the
nearest-neighbor bond as determining both the
muffin-tin radii and constant potential outside the
muffin-tin spheres. This procedure leads to the
values r„~(O) = 0.91 A and r „Y(Zn) = 1.063 A for
Abrahams-Bernstein structure. These values of
the muffin-tin radii and the crystal potential
shown in Fig. 2 yield the phase shifts labeled by
model 1 in Figs. 3 and 4 for the Zn' and 0
species, respectively, The phase shifts resulting
from the crystal potential obtained for the Wyckoff
structure and the Slater atomic radii are labeled
as model 2 in these figures. Although a Korringa-
Kohn-Rostoker (KKR) band-structure calculation
has been reported" for ZnO, neither the potential
nor the phase shifts were given in that paper so
that a direct comparison with ours is impossible.
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FIG. 7. Comparison of calculated intensities for the
!

{01)beam of normally incident electrons diffracted from
ZnO(1010) obtained using various computational pro-
cedures and input parameters. Curve (a): zero tem-
perature, RFS method, OPS from Duke et al. , (Ref. 4)
original (unreconstructed) surface structure (OS) from
Wyckoff {Ref. 12). Curve (b): MI program, T=300'K
but otherwise identical parameters to those used to ob-
tain curve (a). Curve (c): game as curve (b) but using
the new (unreconstructed) bulk structure (NS) given by
Abrahams and Berstein (Ref. 7). Curve (d): same as
curve (c) but using the NPS obtained from model 1,
described in the text.

XPT 2

X) 60 90 l20 l50 l80
ENERGY {eV)

FIG. 6. Comparison of independent measurements of
the intensities of the (if' beam and its symmetry equiv-
alent (11)beam for normally incident electrons diffracted
from ZnO(1010) at room temperature. Since these data
are those used in our earlier analyses, their acquisition
is described in those works (Refs. 2-4, 29).

mhich is solved numerically for a model crystal
consisting of a finite number of layers. Since the
interference between the subplanes is accounted
for by a MI technique, the positions of the sub-
planes are arbitrary so that distortions from the
ideal bulk geometry may be accommodated (at no
additional computational expense) to any depth
within the sample. In the calculations reported
herein we utilize four (I ~ 3) phase shifts to de-
scribe the 0 and Zn' scatterers within the in-
dividual subplanes. The results achieved thereby
are nearly identical to those obtained with six

phase shifts, but cost less than one-quarter as
much to run on the computer because the cost of
operating the MI program scales as (&,„+1}4.

A comparison of the 7 =0 limit of the MI calcu-
lations with our earlier' RFS rigid-lattice calcu], a-
tions is shomn in Fig. 5 for an unreconstructed
bulk geometry of ZnO(1010) and the phase shifts
obtained using model 2. For some beams, e.g. ,
the (01}beam, the two methods give essentially
identical results. For others, e.g. , the (10) beam,
the results are not identical but the differences
are insignificant from the perspective of surface-
structure determination. This is the most usual
situation. We find that for the (01) beam, how-
ever, the differences between the intensities pre-
dicted by the two methods are substantial (e.g. ,
the peak near 120 eV is shifted by 10 eV in the
RFS as opposed to the MI method). Moreover,
these differences lie mell outside any truncated
effects caused by the finite sample thickness used
in the MI method, as shown explicitly in Fig. 5 by
virtue of the presentation of calculated intensities
for model samples six and seven layers thick,
respectively. It is evident from the figures that
for X„=8A, the MI results are fully converged
for a six-layer-thick sample, which is the model
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(01) beam of normally incident electrons diffracted
from ZnO(1010) obtained using various computational
procedures and input parameters. Curve (a): zero
temperature, RFS method, OPS from Duke et al. ,
(Bef. 4) OS from Wyckoff (Bef. 12). Curve (b): MI
program, T = 300 K but otherwise identical parameters
to those used to obtain curve (a). Curve (c): same as
curve (b) but using the NS given by Abrahams and Bern-
stein (Ref. 7). Curve (d): same as curve (c) but using
the NPS obtained from model 1, described in the text.

used in the remaining computations reported here-
in.

'The geometry of the surface unit mesh used to
index the beams shown in Fig. 5 and in the other
figures in this paper is the same as that used by
Duke et al.' It is described in Fig. 3 of their
paper. 4
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C, Sensitivity analysis

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 computa-
tional method (RFS versus Ml), the choice of
muffin-tin potential (model 1 versus model 2) and
the inclusion of lattice vibrations (rigid lattice
versus T = 300 K based on e~ =385 K), as well as
the model for the optical potential. Moreover,
for historial reasons we wish to assess the magni-
tudes of the consequences of these choices relative
to those associated with the use of the Wyckoff"
versus the Abrahams-Bernstein' geometries of
bulk ZnO. This subsection is devoted to such an
assessment.

The first important ingredient in this assess-
ment, to which we refer as a sensitivity analy-
sis,"is the establishment of the degree of re-
producibility of the ELEED intensity data that is
to be utilized in the surface-structure determina-
tion based on the model calculation. Independently

FIG. 9. Comparison of measured and calculated inten-
sities of normally incident electrons diffracted into the
(01) beam from ZnO(1010). Curve (a): measured in-
tensities at T= 300 K. Curve (b): RFS computation for
a rigid lattice based on the OPS used by Duke et al.
(Ref. 4) and the R2 reconstruction of the OS of Wyckoff
(Ref. 12). Curve (c): the MI calculation utilizing the
same model parameters as the RFS calculation shown
in curve (b). Curve (d): rigid-lattice MI calculation
based on the R2 reconstruction of the new (bulk) struc-
ture of Abrahams and Bernstein (Ref. 7) ~ Curve (e):
same as curve (d) but for T=300 K. Curve (f): same
as curve (e) but utilizing the NPS obtained from model
1,. described in the text.

measured room-temperature intensities from
separate samples for a typical nonspecular beam
and its symmetry-equivalent beam are shown in
Fig. 6. These data are those used in our earlier
structure analyses of ZnO(1010), and their acquisi-
tion is described elsewhere. ' ' " While the re-
sults are self-explanatory, it is worth noting the
serious reproducibility problems for incident
electron energies below about 60 eV. These re-
sulted from the instrumentation used at the time, "
and could almost certainly be reduced by repeated
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and overlayers thereon. """ In particular,
among those that we examined thoroughly, i.e.,
the (10)= (10), (01), (01), (11)=(11), and (11)=(11)
beams, the (01) beam proved extraordinarily sen-

t'

sitive to nonstructural parameters and hence a
poor indicator of surface geometry; a conclusion
which me illustrate in Fig. 9 for our previous
best-fit structure, labeled by R2 in Duke et al.'
Note in particular'how major structural features
in the intensities, e.g. , the relative magnitudes
of the three peaks at 75, 85, and 110 eV, are
altered almost beyond recognition by utilizing
model 1 rather than model 2 for the potential
[panels (e) and (f), Fig. 9], whereas changing the
bulk Zn-0 spacing by 0.2 A [panels (c) and (d),
Fig. 9] create a smaller alteration in the calcu-
lated intensities than the choice of computational
method [MI versus RFS, panels (b) and (c)]. An-
other important result illustrated in Fig. 9 is the
obliteration of the peak at 110 eV by the onset of
lattice vibrations. This is of particular signifi-
cance for structure determinations on ZnO(1010)
because no data on the temperature deperidence of
the ELEED intensities are available. Hence no
model of the surface atomic vibrations can be
firmly grounded in experimental observations. We
conclude that although the (01) beam represents an
extreme case of enhanced sensitivity of calculated
ELEED intensities to nonstructural parameters,
it provides an instructive example of the caution
with mhich comparisons between a particular
beam and experimental data must be regarded for
a fixed model force law, In our original calcula-
tions the (01) beam constituted one of the most
pleasing examples of the improvement in the
description of the measured intensities wrought
by a reconstructed surface structure. The above
analysis reveals graphically, however, the
fortuitous nature of this conclusion which re-
sulted, as it turned out, from special features of
the computational method, the model potential,
and the neglect of thermal vibrations.

While the (01) beam constitutes a useful ex-
ample of the most severe limitations on the ac-
curacy of an ELEED structure analysis of
ZnO(1010), it is atypical. Most beams are con-
siderably less sensitive to the values of the non-
structural parameters, as illustrated in Fig. 10
for the (11) beam. The experimental uncertain-
ties in the measured intensities for this beam
were illustrated in Fig. 6. Comparison of Figs.
6 and 10 reveals that the experimental and "theo-
retical" uncertainties are quite comparable, which
is usually the case in surface-structure deter-
minations via ELEED intensity analyses. It is
such uncertainties which limit the accuracy of
ELEED structure analyses to ~d-0. 1 A, al-

though for a given electron-solid force law their
precision can be higher.

III. STRUCTURE ANALYSIS

A. Procedure

Given the substantial effect of the model poten-
tial on the calculated ELEED intensities in certain
beams, we performed again the entire structure
analysis described by Duke et a/. ' 4 using, how-
ever, the phase shifts associated with model 1 (as
opposed to model 2) in Sec. IIA and a vibrating
lattice described by e~ =385 K, T =300 K (as op-
posed to a, rigid lattice). Initially, a complete
range of single-layer reconstructions was exam-
ined corresponding to the Abrahams-Bernstein
bulk ZnO geometry~ modified by contractions of
the oxygen- and zinc-layer spacings normal to
the ZnO(1010) surface by ad(O) ~ 0.2 A, sd, (Zn)
e n, d~(Q), b, d~(Zn) ~ -0.6 A. Comparisons with
measured ELEED intensities mere performed for
the (01), (01), (10) = (10), (11)=(11), and (11)=(11)
diffracted beams associated with normally inci-
dent electrons. Analogous comparisons for non-
normally-incident electrons were not examined
because of the poorer quality of the intensity data
(higher background, large noise, inadequate re-
producibility).

This initial search revealed two regions of
structural parameters for mhich tolerable cor-
respondence between the measured and calculated
intensities was achieved: ad, (O) —= 0, nd, (Zn)
= 0.5 A and Ad~(O) =——0.1 A, d~(Zn) = -0.4 A.
These two regions of structural parameters were
explored further by considering both translations
of the Zn sublattice parallel to the surface along
the y axis (i.e. , hd„-=n, d„e 0; &d„—=0 by symmetry
of the spot pattern' ~), and second-layer distor-
tions of both the oxygen and zinc sublattices by
~~d,

~

~0.2 A. These refinements did not, in our
judgment, make any improvement in the corre-
spondence between the calculated and measured
intensities lying outside the uncertainties de-
scribed in Sec. II C.

In the following tmo subsections we present
the most satisfactory comparisons between the
calculated and observed intensities which em-
erged from these searches in the space of struc-
tural parameters for the fixed nonstructural para-
meters associated with model 1 as described in
gec. II A. We also show the calculated intensities
resulting from these best-fit structural para-
meters (i.e., obtained using model 1) together with
the nonstructural parameters of model 2 (Sec.
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IIA), so that the magnitude of the uncertainties
associated with the choice of a particular model
for the electron-solid force law are displayed ex-
plicitly.

B. Single-layer reconstructions

The calculated ELEED intensities for the two
single-layer reconstructions which provided the
best description of the observed normal-incidence
diffracted intensities for ZnO(1010) are compared
with the measured intensities in Figs. 11-15.
These figures illustrate the results for the (10)
= (10), (01), (01), (11)= (11), and (11)= (11) beams,
respectively. The calculations for the two "best-
fit" structures, i.e., ad (0) =0, ad (Zn) =-0.5 A

and Ad~(O) = -0.1 A, hd~(Zn) = -0.4 A are shown
for the new phase shifts (NPS) obtained from
model 1 and the original phase shifts (OPS) used
by Duke et a).' 4 and obtained from model 2.
While the qualitative features of the calculated
intensities are independent of the choice of phase
shifts, the details of the (10), (01), (11), and (11)
beams clearly depend on the model potential.
Especially for the (10), (01), and (11) beams, any
discrepancies between the calculated and mea-
sured intensities are comparable to those between
the two sets of calculations themselves.

We also show in the uppermost panel of these
figures the influence of a lateral translation of
the uppermost Zn sublattice by 0.2 A in such a
fashion that it moves closer to its nearest-neigh-
bor oxygen species in the surface layer as it
sinks inward from the surface. This lateral mo-
tion corresponds to the R2 best-fit structure of
Duke et a&.' It is evident from Figs. 11-15 that
little, if any, net improvement in the correspon-
dence between the calculated and measured in-
tensities is achieved by this translation. The im-
provement in the (01) beam is offset by diminu-
tions in the quality of the descriptions of the (01)
and (11) beams. We see that the predicted inten-
sities are largely unchanged by this translation,
however, an example of the general insensitivity
of calculated ELEED intensities to reconstruc-
tions parallel to a surface relative to those nor-
mal to a surface. A complete grid of -0.5 ~ ad~, (Zn)
~0.5 A was examined during our analysis. Shifts
of b,d~~ by 0.1 A create almost imperceptible
changes in the calculated intensities, whereas
those larger or of the opposite sign than the ~d„0=0.2 A reconstruction, the consequences of which
are shown in Figs. 11-15, decrease the corre-
spondences between the calculated and measured
intensities relative to those shown in the figures.

We conclude from a survey of single-layer re-

constructions, epitomized by the results shown in
Figs. 11-15, that the b,d, (O) =0, b,d~(Zn) = -0.5 A

reconstruction affords the overall best description
of the available (limited) data. Given the uncer-
tainties in both the data (Fig. 5) and model force
law, however, we cannot rule out contractions of
the oxygen sublattice by as much as -0.1 +0.05 A
or that of the Zn sublattice by as little as -0.4
y 0.05 A, provided both occur together. Thus we
assign ad, (O) =-0.05~0.1 A, zd„(O) =0~0.1 A,
gd (Zn) = —0.45 y0. 1 A, r d~ (Zn) =0.1 y0. 2 A as the
range of structural parameters consistent with
the presently available normal-incidence ELEED
intensity data.

The correspondence between the calculated and
measured intensities, while adequate for most of
the major features of the intensity profiles, is
not as satisfactory for some of the smaller fea-
tures as that obtained for certain metal sur-
faces. ' " Given the state of the art of surface
preparation at the time when the intensities were
measured (see, e.g. , Fig. 6), this result is per-
haps not surprising. Nevertheless, . it is signifi-
cant in this context that the single-layer recon-
struction associated with the intensities shown in
Figs. 11-15were selected because for these
structures the correspondence between the mea-
sured and calculated intensities is clearly best
for all the beams, simultaneously. This result
is illustrated in Figs. 16 and 17 for the (01) and

(11) beams, respectively. It is this feature of
the analysis which forms the primary basis for
our conclusion that the failure of the computations
to reproduce all the minor details in the mea-
sured intensity profiles lies in the combination of
the quality of the data and the sensitivity of the
calculations to the model force law, rather than
to an incorrect structure.

C. Two-layer reconstructions

Given the recognition' that the reconstructions
of Si and GaAs surfaces can penetrate as deeply
as four atomic layers into the surface, it seemed
appropriate to examine the possibility of such sur-
face structures on ZnO(1010) as well. In addition,
multiple-layer reconstructions had been predicted
for cubic ionic crystals by Bensen and Claxton a
decade earlier. 3' Consequently, we performed a
quite thorough search of second-layer reconstruc-
tions for top-layer atomic positions lying within
the region -0.1 ~b,d, (O) ~0 A, -0.6 chd, (Zn)
~ -0.3 A. The calculated ELEED intensities were
examined for second-layer atomic positions
throughout the parameter range -0.2 ~ b,d»(O)
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FIG. 16. Comparison of measured and calculated
intensities of normally incident electrons diffracted into
the (01) beam from ZnO(1010). Curve (a): calculated
curve using the bulk geometry of Abraharns and Bern-
stein {Ref. 7), the potential obtained from model 1 des-
cribed in the text, and the first-layer distortion des-
cribed by hd~ {O)= 0, Ad~ (Zn) = —0.1 A. Curve (b):
same as curve (a) but evaluated using bd~ (Zn)= —0.2 A.
Curve (c): same as curve {a) but evaluated using
hd~(Zn) = —0.3 A. Curve (d): same as curve (a) but

0
evaluated using 4d~ (Zn) = —0.5 A. Curve (e): same as
curve (a) but evaluated using 6d~ (Zn) = —0.6 A. Curve
(f): measured intensities at T=300 K.

FIG. 17. Comparison of measured and calculated in-
tensities of normally incident electrons diffracted into
the (11) beam from ZnO(1010). Curve (a): calculated
curve using the bulk geometry of Abrahams and Bern- .

stein (Ref. 7), the potential obtained from model 1 des-
cribed in the text, and the first-layer distortion des-
cribed by 6d~(O) =0, Ad~ (Zn)= —0.1 A. Curve (b):
same as curve (a) but evaluated using Ad, (Zn) = —0.2 A.
Curve (c): same as curve (a) but evaluated using Ad, (Zn)
= —0.3 A. Curve (d): same as curve (a) but evaluated
using Ad&(Zn)= -0.5 A. Curve (e): same as curve {a)
but evaluated using Ad~ (Zn) 1-0.6 A . Curve (f): mea-
sured intensities at T=300'K.

& 0.2 A, -0.2 &cd~, (Zn) ~ 0.2 A for a variety of
upper-layer reconstructions.

The calculated intensities emanating from this
search that exhibit the best correspondence with
the measured ones are shown in Figs. 18-22 for
the (10) = (10), (01), (01), (11)= (11) and, (11)= (11)

beams, respectively. Perhaps the best of these
corresponds to bd„(O) = —0.1 A, ad, (O) =+0.1 A. ,
ad»(Zn) =-0.5 A, and b,d„(Zn) =0, shown in the
upper panel of Figs. 18-22. We also show the
b, d~, (O) = —0.1 A, Kd~, (Zn) = —0.4 A single-layer
reconstruction in these figures for reference.
While it can be argued that for certain beams
[e.g. , the (11) or (11) beams] the correspondence
between the calculated and observed intensities
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