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He-Si(100) potential: Charge superposition and model structures
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%e have studied the He-Si(100) scattering potential by considering the charge densities associated
with different tilted dimer model structures. %e demonstrate the inadequacy of spherical charge su-

perposition schemes and develop an alternative procedure [modified atomic charge superposition

(MACS)] which is calibrated against self-consistent linear-augmented-plane-wave charge densities.
%e demonstrate the transferability of the underlying MACS parameters for different periodicities of
tilted dimer models of the Si(100) surface. %'e show that tilted dimer models of the Si(100) surface
are consistent with experimental He diffraction data only if they are in an alternating c (4X 2) array.

I. INTRODUCTION

The diffraction of He atoms from crystalline surfaces is
developing into a powerful method to study the topogra-
phies of clean and adsorbate-covered surfaces. '2 In order
to relate the diffraction data to specific surface structures,
it is necessary to know the He surface potential and its
dependence on surface geometry. Although the weakly
attractive region of several surface potentials has been
determined with some accuracy by analyzing scattering
resonances, there is considerable uncertainty about the
repulsive region which dominates the diffraction pattern.
The repulsion arises from the overlap of the He electrons
with the tail of the surface charge distribution. Recent
theoretical considerations 5 suggest that (to first order}
this repulsion is simply proportional to the surface charge
density p(r):

V( r) =ap(r)

where r denotes the position of He atom and a is a con-
stant which has been estimated to lie between 300 and 700
eV a.u. Equation (1) implies that surfaces of constant
charge density are essentially isopotential surfaces for He
atoms, and the classical surface of closest approach (CA)
corresponds to pc& E;/a where E——, is the energy of the
incident He atom. Typically E, —30 meV so that

pc~ —5 X 10 a.u. Although first-principles calculations
of p(r) at these very low densities have been carried out, s

they require substantial computational effort and are re-
stricted in the size of the unit mesh which can be handled.
A simplifying approximation for p(r) is commonly used,
spherical atomic charge superposition, which expresses
p(r) as a sum of atomic charge densities ' p„

where r; represents the position of ith atom on the sur-
face. In this case, the total He surface potential of Eq. (1)
becomes a summation of contributions from each atom,
analogous to the summation of a pairwise potential. A
combination of Eq. (1) and Eq. (2) provides a simplified

way to analyze He diffraction data and has been applied
to a variety of surfaces. Although the discussion about
the validity and modifications to Eq. (1) continues, ' a
more serious error may often be contained within the sim-

plified procedures used to generate surface charge densi-
ties. There is no microscopic justification for the additivi-

ty of atomi'c charges.
In this paper we test atomic charge superposition for

the Si(100) surface assuming a tilted dimer structural
model. We use the linear-augmented-plane-wave (LAPW)
method to calculate self-consistent charge-density sur-
faces for two periodicities, the 2X1 and c(2X2},using
the same local dimer geometry in both cases. We find
simple spherical charge superposition inadequate. We
develop a modified atomic charge superposition (MACS)
scheme which allows for surface atoms of different "size"
and charge anisotropy. With this procedure we approxi-
mate the potential region for the thermal He surface in-
teraction quite well.

Our underlying motivation in this study is to utilize He
diffraction as a probe of the topography of the Si(100)
surface. Previous experimental' ' and theoretical'
results suggest that the equihbrium periodicity of Si(100)
is c(4X2), but that it is easily disordered at room tem-
perature. To compare structural models based on He dif
fraction analysis, charge densities for the c (4 X2) periodi-
city are required. However the c(4X2} unit mesh is too
large to be treated by the LAP%' method within the
present limits of our computational capacity, so approxi-
mation schemes are necessary. In order to confidently
utilize the MACS scheme that we develop here for dif-
ferent structures, we test the transferability of its underly-

ing parameters. For a buckled dimer structural model'
we fit our MACS scheme to the LAPW charge densities
of Si(100)2X1, and then check the fit to the LAPW
charge densities of the c(2X2) structure using the same
pariimeters. We also compare the He diffraction spectra
calculated from the MACS and LAPW surfaces. Based
on these successful comparisons we make use of the
MACS to compare both c(4X2) and 2X1 periodicities of
buckled dimer models to previously obtained experimental
results. '
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TABLE I. Corrugation heights of two charge-density surfaces based on the LAP%, simple spherical
charge superposition (SCS), and MACS technique.

Corrugation height (A)
Charge density

(a.u. )

Si(100)2X 1

SCS
Si(100) c(2X2)

LAP%' MACS

3.0X 10-'
1.0X 10

1.61
1.69

0.93
1.08

1.63
1.70

1.36
1.49

1.33
1.58

II. CHARGE-DENSITY CALCULATIONS

A. LAP%' calculation

Self-consistent surface charge densities were calculated
for a four-layer slab of Si(100) using the I.APW method. s

The dimer configuration proposed by Yin and Cohen'9
was employed in the calculation, but the displacements of
the second-layer atoms were neglected for simplicity.
Charge densities of 10 —10 ' a.u. were obtained for
2X1 and c(2)&2) periodicities, and their cross sections
are plotted in Fig. 1. Note that at -5 A above the sur-
face the charge contours of Si(100) are still highly corru-
gated and resemble the shape of the surface dimer. The
peak-to-trough heights are tabulated in Table I for con-
tours of 1.0X10 and 3.0X10 a.u. which correspond
[via Eq. (1)] to typical He energies used in the diffraction
experiments. '

(b)

There is a strong similarity between charge contours of
2X1 and c(2X2) periodicities in the cut which contains
the dimer bond [Figs. 1(a) and 1(c)]. This similarity indi-
cates that the chemical bonding of the surface dimers is
similar in detail for these periodicities, as well as the fact
that the dimer registration along this direction is the
same. On the other hand, there is a phase shift in the di-
mer registration of the c(2&&2) surface. This reduces the
corrugation in the region between dimer lines compared to
the 2 X 1 surface so that the contours in Fig. 1(d) are quite
different from those in Fig. 1(b). Thus there is sensitivity
of the overall corrugation profiles in the charge contours
to the dimer registration or the surface periodicity.

B. Spherical charge superposition

Charge-superposition calculations were performed for
Si(100) with the same surface structure as used above in
the LAP% method. The atomic charge density p„ in Eq.
(2) was assumed to have the form,

o10
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(c)

10
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10'—

p«(r )=poe "'litr, (3)
0

where x=2.29 A ' and po
——1.7 a.u. were determined

from the self-consistent charge distribution of the Si atom
in the sp configuration. io This approximate form was fit
to match the value and the slope of self-consistent charge
densities at a radius in the range of interest here. In Fig.
2 we show the cross-sectional view of the charge contours
obtained from Eqs. (2) and (3). There is a qualitative
similarity between the contours of this charge superposi-
tion and those of the I.APW. However, the quantitative
agreement is poor as can be seen in Fig. 3 where we have
superimposed the results of these two methods. The larg-
est discrepancy is around the contour minima: the
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FIG. 1. LAPW surface charge contours of Si(100)2X1 [(a)
and (b)], and Si(100) c(2X2) [(c) and (d)). In both cases, the
cross-sectional view is shown for the (011)plane containing the
dimer atoms [(a) and {c)], and for the (OTl) plane contaimng
second-layer atoms [(b) and (d)j. The Yin-Cohen dimer
geometry' is used in the calculation. Contours are spaced loga-
rithmically in the vacuum region (10, 3X10 ' a.u. , etc.) and
then linearly (0.01, 0.02 a.u. , etc.).
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FIG. 2. Surface charge contours of Si(100)2X1 obtained
from the simple charge superposition. The dimer geometry is
the same as in Fig. 1.



A. SAKAI, M. J. CARDILLO, AND D. R. HAMANN 33

-2,0

OSI T ION

/ I'
/ /

/
/

2.5-
/

iA
/ —3.5/

-5.0—

2 0

I III
1.0 p-

/
/

/
0.5—

p -1,0 x10 a. u.

—2.0
I

CHARGE, SUPERPOSI T I Ohl

--- LAP%

-30—

-40-

8 I 7 ION

0.0
0.0

I 1 I I I I I 10
'l.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

x (E)

-6.0
5.0

1

4.0
1

5.0
I I

6.0 7.0
z tA)

)

8.0
I

9.0 10.0

FIG. 3. Comparison of the charge contours of Si(100)2X1
obtained from the LAP% (dashed line) and from the simple
charge superposition (solid line) at two charge densities. For
each contour, two cross sections are shown: (a} cut through the
(011) plane containing dimer atoms, (b) cut through the (011)
plane passing through the second-layer atoms. Note that the
contours at 1.0)(10 a.u. refer to the scale at the right-hand
side.

LAP W contours have much deeper minima. At
p= 1.0X 10 4 a.u., this discrepancy gives rise to a differ-
ence of 0.6 A in the peak-trough corrugation, which
amounts to about 35% of the total corrugation. It is clear
from this comparison that simple charge superposition
cannot be used for analysis of the He diffraction data
from Si(100). We note that the comparison in Fig. 3 indi-
cates an overestimation of the charge contribution from
the "down" atom in the buckled dimer. We explore this
in Fig. 4 where we plot the decay of the charge density
alang the surface normal at the position of the "up" atom
[Fig. 4(a)] and at the "down" atom [Fig. 4(b)]. Above the
down atom, the LAPW charge density is always smaller
than the charge-superposition value. Thus the down
atoms effectively appear "smaller" than the up atoms for
which the LAPW and the charge superposition shoe& a
similar decay behavior. We note that an asymmetry in
the charge distribution of buckled dimers on Si(100) has
been calculated by Ihm et al. ' While they did nat con-
sider the low-charge-density region studied here, their
asymmetry is consistent with our results.

C. Modified atomic charge superposition (MA.CS)

The above arguments suggest a modification of the sim-
ple charge-superposition scheme to allow for different
atomic charge distributions for the two dimer atoms. The
necessity for such a modification was indicated by Laugh-

FIG. 4. Decay behavior of the calculated surface charge den-
sities of Si(100)2)(1. The horizontal scale measures the distance
from the up atom (a) or from the down atom (b).

p,«(x,y,z)=po; exp[ a.; (r —ro) ), —

r =[(x —x, )'+(y —y, ) +(z —z, )'(1—P;)']' ', (4)

where (x„y„z,) is the position of nucleus and po;, a;,P;
(i=I,II,III) are fitting parameters. Unlike the previous
charge density of Eq. (3), we adopted the form of a simple
exponential decay. In addition to the decay constant x;
and the prefactor po;, we found it necessary to introduce a
third parameter P; in Eq. (4) which describes a nonspheri-
city of the charge distribution. The charge density around

lin in his analysis of the He scattering potential of
GaAs(110). To obtain reasonable agreement with He dif-
fraction, the longer-ranged Ga atomic charge was neglect-
ed and extra charge assigned to As, consistent with the
physical origin of charge transfer which is the buckling on
that surface. The highest occupied electronic state on this
surface is a surface state with its weight concentrated on
As atoms. In the case of Si(100), however, there is no
simple argument which allows a quantitative assignment
of an appropriate atomic charge distributions around each
of the dimer atoms. Accordingly, we have determined
atomic charge distribution parameters from a least
squares fit to the LAPW charge contours.

The following procedure was employed in the fitting
calculation: We divided Si atoms into three kinds depend-
ing on their positions. Atoms I and II refer to the up and
the down atoms of the buckled dimer, respectively, and
atom III represents all other bulklike atoms in the deeper
layers. These three kinds of atoms were assumed to have
the fallowing charge-distribution function but with dif-
ferent parameters,
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each atom becomes prolate or oblate for P; ~0 or P; &0,
respectively. A fixed constant ro 7——.4454 a.u. was used
in Eq. (4) in order to avoid large changes in po; during the
fitting computation caused by small changes in a.;.

The total charge density is then expressed as a sum of
contributions from all atoms, 3.0

p(r) = g p„;(r)
i =I,II,III

(5) 2.5

and the surface of constant charge density g(x,y) at p=p,
is given by the equation p(x,y, g(x,y)) =p, . Because of the
large corrugation of these surfaces, it is not desirable to fit
a volume charge density in some simply defined box since
this gives too much weight to charge densities irrelevant
for He diffraction. Fitting the functions g(x,y) is too
inefficient computationally, since it involves repeated
solution of the implicit equation p(x,y, g)=p, . Instead,
we carried out what is in effect a "maximum relevancy"
volume fit, evaluating trial superposition densities on
several LAPW surfaces ft.~pw(x, y) and minimizing

g I iqplx, y, hwpw(x y) l —inp. I

'
Z,P

where lnp is used rather than p to equalize the weight on
the desired contours. The summation in Eq. (6) was car-
ried out over 20 X 10 mesh points in the 2 X 1 unit cell.

We found that the relevant charge contours are quite
insensitive to the parameters of the second-layer atoms
(atom III), but critically dependent on the nuances of the
atomic charge distributions of dimer atoms (atoms I and
II) including the anisotropy (pi+0). Since the weak
dependence on po«i and aiii caused computational instabil-
ity, we first optimized the parameters of dimer atoms and
then determined po«i and ir«i independently. We fixed
P«i ——0 throughout the calculation.

The fitting calculations were performed for the 2X1
periodicity for two LAPW surfaces of constant charge;
p= 1.0X10 a.u. and p=3.0X10 a.u. The resulting
values of the parameters are summarized in Table II.
Charge contours generated using the optimized parame-
ters are plotted and compared with the LAPW contours
in Fig. 5. Although there remains a small discrepancy
around the minimum point, the overall fit is excellent.
The peak-to-trough heights derived from these contours
are in good agreement with the LAPW values as seen in
Table I: differences are within 0.05 A.

0Cg—2.0
H

—1.5

To further establish the validity of the MACS, we test
whether the values of the parameters in Table II are
specific to the 2 X 1 periodicity. For the same buckled di-
mer model we calculate surfaces of constant charge densi-
ty of Si(100) c (2X2) using the MACS with the parame-
ters of Table II. In Fig. 6 we compare the resulting con-
tours at two charge densities with the corresponding
LAPW contours. The agreement is quite satisfactory.
The differences in the corrugation height are slightly

5.0

3.0

p =3.0
—3.5

0.0 1 1 1 1 1 1

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
x (}()

FIG. 5. Comparison of the charge contours of Si(100)2X1
obtained from the LAP%' {dashed line) and MACS {sohd line).
Symbols and scales are the same as in Fig. 3.
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TABLE II. Optimized values of the parameters of Eq. (4). —2.5
Parameter

Ki

&u

&uI

poi

pou

poui
PI
PII
PIII

Optimized value {a.u. )

1.520
1.451
2.267
7.30x 10-'
5.48 x 10-'
2.58 x 10-'
9.19x10-'
4.16x 10-'
0.0 (fixed)

--- LAP%
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FIG. 6. Same as Fig. 5 but for Si{100)c(2X2).
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larger than the case of the 2X 1, but they are still less than
0.1 A (Table I). Based on this agrnment, the MACS
scheme appears to be a viable procedure for the generation
of change densities required for He diffraction analysis.
The appropriate test, however, is the comparison of dif-
fraction spectra, which are calculated below.

2.4

2.0-

Sl (100} YfN —COHEN DtMER

III. DISCUSSION

A. Atomic charge density

In Table II, the decay constants of the atomic charge
density of dimer atoms (i~i and Kit) are smaller than that
of bulklike atoms {xiii), indicating that the charge density
around the dimer is more weakly bound. The value of Kit
is slightly smaller than ~i. Although this appears to con-
tradict the results in Fig. 4 which show the larger effec-
tive size of the up atom, we note that the decay constant
along the surface normal direction is not a; but (1—P;)ir;
which is 1.38 a.u. ' for up atoms and 1.39 a.u. ' for
down atoms, respectively. This result, combined with the
fact that the value of pot is larger than poii, shows that
more charge is concentrated around the up atom and it
extends along the surface normal direction.

This result is consistent with the predicted electronic
structure of the buckled dimer. Chadi' reported that the
buckling is associated with the charge transfer from down
atoms to up atoms. The highest occupied states of this
surface are a m-bonding combination of the single remain-
ing dangling bond in each dimer atom. Buckling polar-
izes this ir bond towards the up atom and makes the effec-
tive size of up atoms larger than that of down atoms. In
addition, the directionality of the dangling bonds results
in an anisotropic charge distribution elongated in the sur-
face normal direction. The effective "average atomic en-
ergy" of deeper layer atoms, which have no dangling
bonds, is well below the valence band maximum, so their
charges decay rapidly and they are the "smallest" atoms.

Note that the electronic structure of Si(100) as
described above is well represented by parameters in Table
II. Particularly the relatively large positive value of the
anisotropic factor Pi is consistent with the nonspherical
charge distribution due to dangling bonds since the posi-
tive Pi correctly gives a prolate charge contour oriented
along the surface normal direction. The physical plausi-
bility of the MACS parameters is an interesting aspect of
this scheme.

S. Surface periodicity and the He scattering potential

Previous studies, including He diffraction, ' ' have
suggestai that the major surface periodicity of Si(100) is
(disordered) c(4X2), and not 2)&1 as is commonly as-
sumed. We thus use the parameters of Table I, verified as
to their transferability, to generate c{4X2)charge densi-
ties to enable a comparison with the He diffraction experi-
ment. In Fig. 7 we show the calculated peak-to-trough
heights of the corrugation profiles for various periodici-
ties including c(4&&2). They are plotted as a function of
charge density so that the uncertainty in the proportional-
ity constant in Eq. (1) can be considered. A strong depen-

x2)

l

2.0
I S I L i I

2x2)
0: C (2x2)

5.0 10.0 20.0
CHARGE DENSiTY (10 ~ a. u. )

FIG. 7. Corrugation heights of Si(100) calculated using the
MACS for various surface periodicities. An abrupt increase of
the corrugation above 1.5 X 10 4 a.u. for the 2)& 1 and p {2g 2)
structures is due to a change in the location of the corrugation
minimum.

dence of corrugation height on periodicity is evident in
the figure. The c(4)&2) gives the largest corrugation, and
the difference in corrugation with other periodicities
amounts to more than 0.2 A for 2&(1 and more than 0.5
A for c(2X2). Note, however, that corrugation heights
are at best a crude indication of the comparability of
scattering potentials. Comparison of the diffraction spec-
tra is the most appropriate test of the differences between
potentials. The principal features of He diffraction spec-
tra, such as rainbow maxima and supernumeraries, de-
pend upon the detailed shape of the charge densities. We
employ the eikonal approximation2' to calculate He dif-
fraction spectra and compare results from the MACS and
the LAPW. We take charge-density surfaces at 1.0X 10
and 3.0X10 a.u. as hard-wali scattering potentials for
several incident angles. The He wavelength was fixed at
0.98 A, and a refraction correction for the effect of the at-
tractive potential D was included with D=6.8 MeV,
which was estimated from the potential function formu-
lated by Laughlin. '

The combination of the eikonal and corrugated hard-
wall approximations may not be appropriate for a quanti-
tative comparison with experiment for highly corrugated
surfaces like Si(100). However, it gives the correct princi-
pal features of He diffraction spectra in general, ' and it is
sufficient for the purpose of comparing two scattering po-
tentials.

The diffraction calculations were carried out for both
2X 1 and c (2 X2) periodicities, and the results are shown
in Fig. 8 for the MACS and the LAPW surfaces at
p= 3.0)& 10 a.u. In this figure, the calculated spectra at
incident angles 8;=30, 50', and 70' are plotted for three
incident azimuth angles t)I; =0', 90', and 180'. Note that
the Si(100) has a two-domain structure. The diffraction
spectra at P; =0, 90', and 180' represent the domain con-
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QO
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tributions to the experiment (270' domains are equivalent
to 90' domains).

In Fig. 8, we note there is excellent agreement between
the diffraction spectra from the MACS and the LAPW
contours. There is at most a one-barn difference in the
position of the intensity maximum in the 0' domain spec-
tra at 30' and 70', but in all other spectra the envelopes of
the diffraction intensities are in perfect correspondence.
The small discrepancy of the position of intensity max-
imum (rainbow maximum) in Fig. 8(a) at 70' shows that
the MACS surface is slightly more steeply corrugated
than the LAPW (see Table I). Although the one-bean
shift of the rainbow maximum at only one angle of in-
cidence is a minor difference, it demonstrates the sensi-
tivity of the diffraction spectra to the detailed shape of
the charge surfaces. Good agreement was also obtained
for charge densities of 1.0X10 a.u. thereby confirming
the essential equivalence of the MACS and the LAPW for
Si(100)2X 1 Uis a vis He dif-fr-action.

In Fig. 9 we compare the diffraction spectra obtained

8 =3o
LAP% MACS

Si(100)-c (2I(2)
8; =50o

LAP% MACS
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LAP% MACS
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FIG. 9. Same as Fig. 8 but for Si(100) c(2&(2).
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FIG. 8. Calculated diffraction spectra from LAP% and
MACS charge density of Si(100)2&(1 at 3.0X10 5 a.u. The re-
sults at three incident angles and three azimuth angles are
shown in the figure. The azimuth angles correspond to the
orientations of the domains of Si(100)2X l.

for the c(2X2) periodicity. The agreement here between
the results of the MACS and LAPW is not as good as for
the 2X1 but still acceptable. In the 0' domain, the dif-
fraction from the MACS has an intensity maximum
around the (20) beam, whereas it appears around (30)
beam in the spectra from the LAPW. This shift of the
rainbow maximum is again consistent with the steepness
of the corrugation (Table I} which is greater for the
LAPW of the e(2X2}. In addition, a supernumerary is
seen in the LAPW diffraction spectra from the 180'
domain at 50' but is almost collapsed into the specular in
the case of the MACS, again indicating a less steep corru-
gation of the MACS. In spite of these differences, the
two series of spectra in Fig. 9 have many common
features: the diffraction from the 90 domain is essential-
ly the same for MACS and LAPW, and the correspon-
dence of the rainbow position is perfect for the diffraction
from the 180' domain. In summary, the agreement of the
diffraction spectra for the c(2 X 2) is quite acceptable, and
indicates that the transferability of MACS to other
periodicities of this structural model is appropriate if the
analysis is restricted to the principal features of the dif-
fraction patterns, i.e., rainbow and supernumerary rain-
bow positions.

C. Comparison mth experiment

He diffraction spectra from Si(100) show diffuse inten-
sity maxima around the quarte-order positions associated
with e(4X2) periodicity, but no sharp diffraction bcems
on which to base an analysis. The basic 2X 1 reconstruc-
tion, pairing, has long-range coherence, presumably en-
forced by the large energy cost of defects in this structure
(broken dimer bonds). The fourth-order superstructure,
tentatively associated with tilting, presumably has a much
smaller ordering energy and many defects. The local
geometry associated with these distortions is represented
in the intensity distributions of the integer and half-order
diffraction beams, however, so it is valid to compare 2X 1

and c (4X 2) structures on this basis.
The experimental He diffraction spectra from Si(100)

for the incident angular range 8; =50'—70' are shown in
Fig. 10. Also shown are the theoretical spectra obtained
by MACS eikonal calculation for Si(100)2 X 1 and
e (4X2). In these calculations the uniform refracting well
depth is D=6.8 MeV and we have used a=675 eVa.u.
for the proportionality constant in Eq. (1). The charge
density corresponding to the classical turning point of He
atom with 0.98 A wavelength is p=4.2X10 5 a.u. This
charge-density surface was calculated and used as a hard-
wall potential. We averaged the diffraction intensity over
the domain orientations with equal weight for each
domain.

In Fig. 10 we first note that in the experimental data
there is a backscattered rainbow maximum which occurs
around 8, ——15' for 8; =70' and moves to 8,= —20 at
8; =60' and beyond 8, = —20' for 8; =50'. This rainbow
smoothly includes half- and integer-order beams and
therefore arises froin the half-order direction (along the
dimer bond). The calculated rainbows for the c(4X2)
structure agree exactly with this feature over this incident
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tractive well, D=20 MeV. We find that the rainbows
move outward due to the expected increased refraction,
compared to the results in Fig. 10, but they are still too
close to the specular beam indicating that the experiment
and the calculated 2X1 spectra cannot be reconciled by
increasing the well depth.

These arguments are made for the incident angular
range 50 & 8; & 70'. At more normal incidence the simple
and direct interpretation of both the experimental and cal-
culated diffraction spectra is no longer possible.

We have compared the c(4X2) and 2X1 periodicities
for other tilted dimer models. ' ' ' In general the dif-
ferent dimer structures do not result in sufficiently dif-
ferent calculated diffraction patterns for a particular
periodicity so that they can be assessed at this level of
analysis. However, for all cases the difference between
c(4X2) and 2X1 is sufficient that the c(4X2) can be
clearly preferred.

An extreme case of the c(4X2) dimers is the sym-
metric dimer which is relatively smooth (peak-trough cor-
rugation —1 A) and easily excluded. In the other direc-

-20 0 20 40 60 80 -20 0 20 40 60 80 -20 0 20 40 60 80
8, (deg)

FIG. 10. Experimental diffraction spectra from Si(100) (a),
and calculated spectra from the MACS of Si(100) e(4X2) and
2X1 [(b) and (c)]. In the calculation, a charge density of
4.2X 10 ~ a.u. was used, and the results were averaged over pos-
sible domain orientations.

8 = 50o
I

angle range. In contrast the corresponding rainbow for
the 2 X 1 appears considerably closer to the specular beam,
indicative of a substantially less steep corrugation profile.
We note however that the observed rainbow in the 2X 1

spectra arises from only one of the half-order domain
directions. The tilted dimer has no mirror plane of sym-
metry and thus one direction along the tilted dimer bond
is more steeply corrugated than the other flike GaAs(110)
(Ref. 22)]. Scattering from the steeper profile also results
in a rainbow maximum, but at very distant backscattering
angles and with very little intensity, so that it is not ob-
served on the scale of this plot. The increase in the slope
of the steep side of the 2X I corrugation profile results in
considerably reduced in-plane scattering power. Conse-
quently the less steep direction of the 2X1 tilted dimer
dominates the scattering from the half-order domains.

Another feature of the experimental data is a maximum
closer to the specular beam, occurring in beams 2—4 at
8;=70'. It moves farther from the specular beam as
8~~50' and appeaI", s to contribute more to the integer
beams than the half-order bemns. We interpret this
feature as a rainbow from the integer direction. This in-
terpretation was assisted by separate domain calculations.
This feature is also in good agreement with the calculated
spectra from the c(4X2) but not in accord with the 2X 1

calculations.
To account for the uncertainty in the value of the po-

tential well depth, we have also calculated the diffraction
spectra from the 2X 1 periodicity using a much deicer at-
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FIG. 11. Calculated diffraction spectra from Chadi dimers
(Ref. 17) in the c (4)&2) registration.
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tion the dimer geometry proposed by Chadi'7 has a larger
buckling angle and more steeply corrugated potential than
the model we have just considered. %e have calculated
the diffraction spectra for the Chadi c(4X2) structure
and show the results in Fig. 11. The half-order rainbow
and half-order supernumerary positions are in acceptable
agreement with the data. However the rainbow maximum
from the integer direction is farther from specular than in
either the data or in the Yin-Cohen geometry (Fig. 10) as
expected for a surface more steeply corrugated. The di-
mer geometry proposed by Tromp et al. 23 shows similar
diffraction spectra to Chadi's. However, there are suffi-
cient uncertainties at this level of analysis that these two
dimer structures in a c(4X2) arrangement can not be
ruled out although they are not preferred.

Finally we comment on the recent "dimer-plus-chain"
model proposed by Northrup. 2s We have also carried out
eikonal calculations for this model. We have tried several
assignments of MACS parameters to the chain atoms in
the absence of an LAPW calibration. Although we do not
consider this a comprehensive test, we find that in general
the dilute charge-density surfaces of the Northrup model
are quite fiat along symmetry directions parallel to the
chain. This results in negligible scattering power in the
diffraction beams (except the specular) from the integer
domains. This result is in serious disagreement with the
He diffraction experiments, which show significant dif-
fraction contributions at large b,k~~ from the integer
domains.

IV. SUMMARY

We find simple spherical charge superposition, with the
same charge distribution for all atoms, incapable of gen-
erating a He scattering potential for tilted dimer models
of the Si(100) surface. Using ab initio LAPW results for
calibration, we develop a modification of the simple
charge superposition to allow for atomic size differences
and anisotropy. With this scheme we accurately fit the
dilute charge densities around the dimer atoms for the
2X1 periodicity. We show that the derived parameters
from this 2X 1 fit reproduce the dilute LAPW charge
densities of the c(2X2) structure. The charge densities
we obtain are physically consistent with what is known of
the electronic structure of the buckled dimer, extended to
the dilute region of our comparison. We test the MACS
scheme against the LAPW using He diffraction spectra as
a measure. As an application of the MACS, we calculate
the He diffraction spectra for the 2X1, c(2X2), and
c(4X2) periodicities of Si(100) for several models of tilt-
ed dimers. We find that the c (4 X2) periodicity is strong-
ly preferred for a range of dimer models from the com-
parison of the calculated spectra with experiment.
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