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Si(111)-(ZX1)Surface: Buckling, Chains, or Molecules?
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This Letter presents direct evidence for large displacements parallel to the surface of
the atoms in the outer double layer of the cleaved Si(111)-(2 x 1) surface. This result ex-
cludes the buckling model for this surface reconstruction. Comparison of surface blocking
patterns, obtained by medium-energy ion channeling and blocking, with computer simula-
tions for the 7t.-bonded chain model shows good agreement between experiment and model.
The ~-bonded molecule is not in agreement with the data.

PACS numbers: 68.20.+t

For many years there has been general agree-
ment that the structure of the cleaved Si(111)-
(2 x1) surface is well described by the buckling
model, proposed by Haneman. ' In this model al-
ternate rows of atoms are displaced up and down,
doubling the periodicity of the surface unit cell.
The displacements are primarily normal to the
surface, and are very small parallel to the sur-
face. Recently, however, Pandey' proposed a
new model, in which the surface topology is
changed to give rise to &-bonded chains running
parallel to the surface. The formation of these
chains causes lar ge displacements of surf ace at-
oms along the [112]direction parallel to the sur-
face, a feature which is strikingly different from
the buckling model. Subsequently, Chadi' pro-
posed a model in which & bonding occurs between
pairs of atoms ("molecules") in the outer layer.
In constrast to the &-bonded chain model the sur-
face atoms in the molecule model are displaced
out of the bulk (110) planes.

These new models were proposed on the basis
of total-energy calculations. '4 Of the models
now investigated the &-bonded chain model has
the largest energy gain with respect to the bulk-
like surf ace. Recent angle-resolved photoemis-
sion data' ' and infrared absorption measure-
ments" may be explained by this model, but
these experiments alone have not unambiguously
established the nature of the (2x 1) surface re
construction. The only structural technique used
to study the &-bonded chain model is low-energy
electron diffraction (LEED), yielding evidence in
favor of the buckling model. " Moreover, in a
recent paper Feder has shown that his data are
inconsistent with the I- V curves calculated for
the chain model. " In this LEED study the subsur-
face atoms were placed on bulklike positions, and
strain-induced displacements were not con-
sidered.

In this paper we report on the study of cleaved,
single-domain Si(ill)-(2&&1) surfaces with medi-
um-energy ion scattering, combined with shadow-
ing and blocking. It has been shown in previous
work that this technique is very sensitive to the
geometric structure of a solid surface. The tech-
nique can be used to determine displacernents of
surface atoms with respect to the atomic rows in
the underlying bulk crystal. Comparison of ex-
perimental results with Monte Carlo computer
simulations of the experiment for specific struc-
ture models allows distinction of these models on
a quantitative basis."

The inset of Fig. 1 shows a (110) scattering
plane normal to the (111) surface of a bulklike Si
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FIG. l. Energy spectrum of protons with an initial
energy of 9.9.2 keV, backscattered from a Si(111)-
(2 x 1) surface in the geometry shown in the inset.
0=109.6'.
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crystal. A 99.2-keV H' beam is aligned with the
[111]direction. The first atom of each atomic
row casts a shadow cone, reducing the probability
of deeper atoms being hit by the ion beam. By
definition the hitting probability of the first atom
in each row is equal to 1. The sum of the hitting
probabilities of the atoms along the rom in the
surface region is called the number of atoms per
row. Shadowing of subsurface atoms is less ef-
fective if the atoms closer to the surface do not
occupy their bulklike position, because of statis-
tical thermal displacements, or because of static
displacements as may occur in a reconstructed
surface. Therefore such displacements influence
the number of atoms per row visible to the ion
beam.

In a reconstructed surface displacements of
surface atoms from a bulklike position may be so
large that these atoms do now shadow subsurface
atoms. For example, in the 7t -bonded chain mod-
el not only the bulklike [111]rows of the under-
lying crystal are exposed to the ion beam, but
also—as an extra the displaced outer double
layer of the crystal By.alignment of the ion
beam along the [111]direction, as in Fig. 1, the
number of atoms per [111]row displaced parallel
to the surface can be determined in a backscatter-
ing experiment. For the buckling model, in which
large parallel displacements do not occur, only
the bulklike rows will be exposed to the ion beam,
whereas in the w-bonded chain model (and in the
m-bonded molecule model) one expects to see at
least one extra double layer.

Further structural information may be obtained
by detecting the yield of backscattered ions as a
function of scattering angle, while keeping the di-
rection of the incoming ion beam fixed along the
[1111direction. fons scattered below the surface
can reach the vacuum, unless they are blocked on
the outgoing path by an atom closer to the sur-
face. In directions in which such blocking oc-
curs, there is a minimum in the yield of back-
scattered ions, called a surface blocking mini-
mum. In Fig. 1 one such direction is indicated
along the [111]axis. Additional blocking minima
may arise in a reconstructed surface. Thus,
these surface blocking minima reveal the posi-
tions of the surface atoms.

For specific structural models the experiment
may be simulated in a computer by Monte Carlo
techniques. The number of atoms per row visi-
ble to both ion beam and detector can be calcu-
lated as function of scattering angle. The result-
ing blocking minima may be compared with meas-

ured surface blocking minima on an absolute ba-
sis. In the present study we have used a program
in which a crystal is generated by repeating the
surface unit ceQ parallel to the surface with peri-
odic boundary conditions. " The ion is followed
through the crystal along its path until it is back-
scattered towards the surface, or unitl it pene-
trates the crystal beyond the surface region where
it no longer contributes to the surface backscat-
tering yield. As a result of time reversibility
the incident and outgoing paths can be treated
separately with good accuracy. In the present
simulations the finite opening angle of the ana-
lyzer outside the scattering plane has been taken
into account.

Rectangular bars (4 x 10x 30 mm') of float-zone
Si(111) crystals were cleaved in the UHV scatter-
ing chamber in a special manipulator, designed
for compatibility with the high-precision three-
axis goniometer used for the ion scattering stud-
ies. On one long side of the Si bars grooves were
cut, 0.5 mm wide and 1.5 mm deep. The other
long side of the bar was polished. The crystals
were cleaved in the [112]direction. Cleavage
along the [110]direction was attempted first, but
single-domain cleaves could not be obtained with
sufficient efficiency. Furthermore, cleavage
along this direction often resulted in a high densi-
ty of defects in a region extending over tens of
angstroms into the crystal, as could be judged
from energy spectra of backscattered ions. This
severe damage never occurred on crystals
cleaved along the [112]direction. After cleavage
the sample holder and crystal were transferred
from the special manipulator to the three-axis
goniometer. The surface structure was inspected
in the same UHV chamber with I EED prior to the
ion-scattering experiments in order to select a
suitable domain area on the surface. This inspec-
tion took only a few minutes, after which the ion-
scattering experiments could be performed. The
total duration of an experiment was typically 2-
2.5 h, in a vacuum of less than 10 "Torr with
ion beam on target. After completion of the ion-
scattering experiments, photographs were made
of the I EED patterns on various positions on the
surface.

Ions were simultaneously analyzed in energy
and scattering angle with a toroidal electrostatic
analyzer having an energy resolution of bE/E =4
~10 ' and an angular resolution of 0.3 . Figure 1
shows an energy spectrum of 99.2-keV protons
incident on a Si(111)-(2&&1) surface along the [111]
direction and leaving along the [111]direction, at
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a scattering angle of 109.6'. The strong peak at
90.2 keV arises from backscattering of ions from
the surface region and is shifted to an energy low-
er than the incident energy by the kinematical en-
ergy loss. At still lower backscattered energies
(corresponding to greater depth) the intensity is
very much reduced due to shadowing. The inten-
sity in the sharp surface peak can be converted
into the number of atoms per [111]row, visible
to ion beam and detector, by comparison with the
backscattering intensity from a well-known stan-
dard. The accuracy of this conversion is esti-
mated to be +5%.

Figure 2(a) shows the surface-blocking patterns
obtained on single-domain Si(111)-(2x1) surfaces.
The number of atoms per row is shown as func-
tion of scattering angle |9. The blocking minima
shown are the result of experiments on four dif-
ferent crystals. The reproducibility from crystal
to crystal was excellent and only the averaged
data are shown to reduce statistical scatter in the
data points. The data set represented by squares
was measured with the H beam aligned with the
[111]direction and the analyzer detecting ions in
the (110) plane, as in Fig. 1. At 6I =109.48 a deep
surface blocking minimum is observed along the
outgoing [111]direction. At smaller scattering
angles several, partly overlapping, minima give
rise to an overall reduction of the number of at-
oms per row. At higher scattering angles (113'
& 8 & 118') the number of atoms per row is fairly
constant. The other set of data (triangles) was
obtained with the ion beam channeling in the [111]
direction, but in a scattering plane normal to the
surface making an angle of 2' with the (110) plane.
This geometry is obtained from the one in Fig. 1
by rotating the crystal by 2 around its normal.
In this rotated scattering plane the channeling
conditions remain fixed, but atoms residing in
the (110) plane are no longer expected to give
rise to blocking in the outgoing trajectories. In-
deed, the major minimum at 109.5' and the over-
lapping minima at smaller scattering angles are
completely absent in this geometry.

In the rotated geometry the measured number
of atoms per row is higher than that calculated
for a bulklike surface by 0.8—0.9 atoms per row,
or 2.4-2.7 monolayers (1 monolayer =7.83&&10"
atoms/cm'). Thus, 2.4-2.7 monolayers of sili-
con are displaced over such a large distance par-
allel to the surface that they do not shadow the at-
oms in the underlying bulk crystal. This experi-
mental observation excludes all structural models
for the (2&&1) surface in which the atoms are not
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FIG. 2. (a) Surface-blocking profiles measured on
the Si(111)-(2x 1) surface. The data were taken in
the geometry shown in Fig. 1 (squares) and in the rota-
ted geometry (triangles) (see text). (b) and {c) The
same data (a), and calculated surface-blocking profiles
for a bulklike surface (B), a buckled surface (BC),
the g-bonded chain model {PC), and the 7t.-bonded
molecule model {PM), for the two different backscat-
tering geometries.

displaced parallel to the surface (i.e. , buckling
models). For 113'&8&118' the yield in the (110)
scattering plane is found to be 0.3 atoms per rom
lower than in the 2' rotated plane. This lowering
indicates that in the (110) plane surface blocking
occurs in this range of scattering angles. Thus,
surface atoms are displaced parallel to the sur-
face, but can still be found in the (110) planes,
where they give rise to blocking. Therefore,
models in which the surface atoms are displaced
parallel to the surface, but out of the (110) planes
(i.e. , the &-bonded molecule model) are inconsis-
tent .with the experimental results.

In order to justify these qualitative conclusions

1674



VOLUME 51, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1983

further, we have calculated surface blocking min-
ima for a bulklike surface (B), a buckled sur-
face" (BC), the n'-bonded chain model (PC), and
the &-bonded molecule model' (P M), all for the
two experimental geometries of Fig. 2(a). The
coordinates for the chain model were obtained by
minimization of the elastic strain in the outer
four layers of the crystal in a Keating formal-
ism.""The bond length between atoms in the
top chain was fixed at 2.25 A." In the simula-
tions a one-dimensional rms thermal displace-
ment of 0.075 A (the bulk value) was used, while
in the reconstructed surfaces the atoms in the
outer double layer were given an enhanced ampli-
tude of 0.11 A. The results were not very sensi-
tive to this surface enhancement. Correlations
in the thermal motions are expected to have little
effect and were not included.

The results are shown in Figs. 2(b) and 2(c). It
is interesting to compare the experimental mini-
mum at 109.5 with those calculated for the bulk-
like and the buckled surface. In these models the
surface atoms occupy (nearly) bulklike positions
and give rise to efficient blocking along this di-
rection. In the experiment blocking is far less
efficient, indicating that the surface atoms do not
reside on such (nearly) bulklike positions as a
result of a strong reconstruction of the surface.
For the &-bonded chain model we find good agree-
ment between experiments and simulations in
both geometries. The results of these computer
simulations confirm the conclusions based on the
experimental observations and show that, of the
models presently investigated, only the &-bonded
chain model is consistent with the ion-scattering
results. " The fact that the displacements par-
allel to the surface occur in more than two mono-
layers indicates that substrate (strain-induced)
displacements play a role in this surface. It is
likely that such displacements will influence the
analysis of other experiments like LEED.
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~Two minor differences between the simulations for

the ~-bonded chain model and the data remain. In
Fig. 2(b) the calculated minimum at 0=114' is slightly
deeper and the calculated minima near 101 and 104.5'
appear at slightly too small scattering angles. These
differences indicate that minor modifications in the
coordinates of the atoms in the chain model are nec-
essary to obtain exact agreement with the data in Fig,
2(b). Further work on the chain model to clarify these
issues is in progress.
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