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the core region show a behavior marked mainly
by unusual (tL'), reflections involving the valence
electrons exhibit a temperature dependence whol-
ly unexpected and unaccountable in terms of the
above discussion. It thus appears that the origin
of this is a temperature-dependent valence-elec-
tron density in real space. While the absolute
accuracy of electron density maps is subject to
some uncertainties (form factor, extinction, etc.),
Fig. 1, and others not presented here, clearly
indicate that there appear to be significant chang-
es in the real-space electron density with temper-
ature. This result supports differences seen be-
tween electron density maps' at 300 K and at 13.5
K. Furthermore, any model based on thermal
excitation over -100-K fine structure in the den-
sity of states should also produce the significant
change in real-space electron density indicated
by the x-ray results. Density-difference maps to
facilitate such a comparison are in progress.
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Atomic and Electronic Structures of Reconstructed Si(100}Surfaces
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New structural models for 2&&1 and 4x2 reconstructed (100) surfaces of Si determined
from energy-minimization claculations are presented. The optimal 2&&l and 4&2 struc-
tures are found to correspond to asymmetric dimer geometries with partially ionic bonds
between surface atoms, resulting in semiconducting surface electronic bands. The atom-
ic and electronic structures for the 2&1 and 4&&2 reconstructed surfaces are discussed.

The (100) surface of Si has been the subject of
a large number of experimental' "and theoreti-
cal" "studies. I.ow-energy-electron diffrac-
tion' ' (LEED) and He diffraction' measurements
show the surface to be either 2 x1 or 4 &2 recon-
structed. Many models' '" " for the surface
structure have been proposed. Most of these can

be grouped into dimer, ~" '~ vacancy, e' '~ or
conjugated-chain-type models. ' " Comparisons
of the calculated surface electronic structures""
for the various 2 X1 models show that the dimer
results are generally in better agreement with
photoemission data9' than the other two models,
but all three models give a metallic surface elec-
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FIG. 1. Top and side views of an ideal Si(100) sur-
face. The atoms denoted by 1 and 1' are surface-layer
atoms, 2 and 2' are second-layer atoms, etc. The
dimerization of the surface leads to the formation of
strong bonds between atoms 1 and 1'. Directions of
atomic displacements from ideal positions are shown
in (b).

bonded (symmetric dimer) surface. The actual
increase should be appreciably smaller because
of substrate polarization effects. The relatively
large value of the charge transfer makes it nec-
essary to examine the magnitude of Coulombic
contributions to the total energy since only band-
structure and lattice-strain energies (and no
electrostatic terms) were included" during the
energy-minimization process. This can be dope
in the following approximate manner. The first
ionization energy and the electron affinity of an
isolated Si atom are 8.15 eV and approximately
1.39 eV, respectively. " The removal of one
electron from a Si atom and its addition to a sec-
ond one, therefore, costs 6.76 eV. For two such
atoms (or a dimer pair) 2.35 A apart the Cou-
lombic interaction lowers the energy by 6.12 eV.
The electrostatic interaction energy of such a
dimer pair with all other dimers on a 2xl re-
constructed surface of Si is calculated to increase
the energy by" 0.04 eV/dimer. The total of
these terms (6.76-6.12+0.04) amounts to nearly
0.68 eVjdimer for one unit of charge transfer
between the atoms of the dimer. For a charge
transfer of 0.36 electrons, as calculated above,
the total Coulombic energy is, therefore, 0.09
eV/dimer. Since all screening effects have been
ignored, this represents an upper limit to the
value of the Coulombic energy at the surface; the
actual value of this term is expected to be sub-
stantially (-factor of 2) lower. At its full value
of 0.09 eV jdimer this term is nonnegligible and
is about 20% of the 0.46 eV/dimer reduction in
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tronic structure which is in disagreement with
recent angle-resolved photoemission spectra. "
A recently suggested 2 x1 dimer model, with
atomic relaxations extending over the first five
layers at the surface, has a calculated4 LEED
spectra in much better agreement with experi-
ment than other structural models; our calcula-
tions indicate, however, that its surface electron-
ic remains metallic. Despite this, LEED studies
indicate" that such deep relaxations are needed
to explain the experiment spectra.

In this paper, the results of surface structure
calculations based on an energy-minimization
procedure are discussed. The method used here
is similar to that used in previous calculations '
on the 2 X1 reconstructed (111) surfaces of Si and
the (110) surfaces of several tetrahedrally co-
ordinated semiconductors. Many different struc-
tural models were tested to determine the optimal
surface geometry of Si(100). The calculations
support the idea that the driving force for both
the 2&&1 and 4&1 reconstructions arises from
dimerization. The most important result of these
calculations is that the symmetric dimer model'
(for which the in-plane displacements of surface
atoms forming a dimer are equal in magnitude
but in opposite directions) is unstable. When
only surface atoms are allowed to relax, the total
energy is lowered by nearly 0.16 eV/atom by the
formation of "asymmetric" and partially ionic
dimers. " This value increases substantially to
0.23 eV/atom (0.46 eV/dimer or equivalently 240
ergs/cm') when subsurface relaxation effects are
also included. In the calculations, relaxations of
the first five atomic layers at the surface were
considered. With the exception of the surface lay-
er the atomic relaxations, as shown schematical-
ly in Fig. 1, are nearly the same as those ob-
tained by Appelbaum and Hamann. " The calcu-
lated atomic displacements from their ideal and
unrelaxed Positions (Fig. 1) are found to be (in
angstroms): Lx, = 0.46, ~x,.= -1.08, ~z, = 0.04,
zz, ,=-0.435, ~~, =-z&,, =O. 115, ~z, =~z,,
=0.014, Az, =-0.12, Dz, =0.11, Az =-Az
= -0.07, ~x, -~x, .= 0.034. For these displace-
ments all bond lengths at the surface remain with-
in 2/~ of their bulk values.

The formation of an asymmetric dimer results
in a charge transfer of 0.36+0.02. electrons from
the "down" to the "up" atom of the dimer [i.e.,
from atom 1' to atom 1 in Fig. 1(b)]. When screen-
ing effects are ignored, this should result in an
increase of 0.51 eV in the work function of the
ionic surface relative to that of the covalently
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FIG. 2. Filled and empty surface-state bands near
the valence-band maxima (at E 0) for two different
2xl dimer models, in which only the surface-layer
atoms are displaced.

band-structure and lattice-strain energies result-
ing in going from the symmetric to the asym-
metric configuration. The inclusion of Coulomb
effects in the total-energy model should tend to
reduce, in the process of a self-consistent cal-
culation, the asymmetry of the dimer and the
magnitude of the charge transfer for both the
2 &1 and 4&2 structures.

The occupied and empty surface states near the
valence-band maximum (VBM) for symmetric
(covalent) and asymmetric (ionic) 2 x1 dimer
models involving only surface-layer reconstruc-
tions are shown in Fig. 2. The results for the
covalent dimer calculated from the tight-binding
model as a test of the model are in good agree-
ment with the more accurate results from self-
consistent pseudopotential calculations. " Both
calculations show' a metallic surface electronic
structure for the symmetric dimer. For the
ionic dimer, however, semiconducting surface
bands are obtained. The highest filled surface
state for the five-layer relaxed ionic dimer model
is at 0.18 eV below the bulk VBM and the lowest
empty state is 0.6 eV above it. The predominant
orbital symmetry of both states is p, like with
some s-like symmetry also mixed in. With re-
spect to the valence-band maximum, the energy
of the filled state at I" is about 0.2 eV higher and
the band dispersion appreciably larger than the

0.3 eV width indicated by angle-resolved meas-
urements. " The experimental data seem to be
intermediate between the calculated results for
the 2 &1 and 4 &2 structures. For the 4 &2 sur-
face, the atomic structure of which is described
below the highest surface state is about 0.7 eV
below' the VBM and the band associated with it
have a narrow (=0.3 eV) bandwidth. Another dis-
agreement between the calculated and experimen-
tal results for the 2&1 structure is the observa-
tion' of two sets of surface states at the J' point
of the Brillouin zone in the angle-resolved meas-
urements. The states are approximately 0.4 and
0.9 eV below the VBM with the interesting feature
that the 0.4 eV states have the same energy as
the topmost surface states at F. Calculations for
a variety of 2 &1 structural models nearly always
reveal" only one state at 4' in this energy range.
The discrepancy between the theoretical and ex-
perimental results can be resolved if the under-
lying unit cell is larger than 2 X1 such that the
states at I and J' are related by an umklapp
process. The centered 4 &2 unit cell does not
provide a reciprocal-lattice vector to connect the
J' and I"points of the 2~1 structure, however, it
does connect J' to states near I'which the calcu-
lations show to have nearly the same energy as
1. Another intriguing but very speculative possi-
bility is the existence of 2 x2 domains at the sur-
face for which the Pand J'points of the 2x1
cell become equivalent. If one assumes the dim-
er model to be correct, the open nature of the
Si(100) surface leads to diverse possibilities for
arranging the dimers. Calculations for rectangu-
lar and centered 2 x2 structures show them to be
energetically as favorable as the 2 &1 and 4&2
structures. Treating the ionic dimer as a dipole,
the primary difference in the total energy be-
tween the various structures is in subsurface
relaxations and dipole-dipole interaction ener-
gies. The 2 &2 structures could provide another
explanation for the forbidden (2 2) and (a s) dif-
fraction spots seen in He backscattering meas-
urements. ' Recently broad streaked diffraction
patterns running across the reciprocal unit mesh
through the (—,'-,') spots have also been observed'4
in LEED measurements leading to the sugges-
tion 4 of a partially disordered surface with 2 x 2
like transition regions. Similarly streaked LEED
patterns have been observed by Jona et al."for
the Ge(100) surface.

The energy-minimization approach was also
used to determine a possible structure for the
4 x2 reconstructed surface of Si(100). The rec—
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tangular 4X2 reconstructed surface of Si(100).
The rectangular 4&2 unit cell, the rhombohedral
primitive cell, and the directions of atomic dis-
placements of first-layer atoms from their ideal,
unrelaxed positions are shown in Fig. 3. The sur-
face atoms labeled 1 and 2 (similarly the ones
labeled by 3 and 4) form asymmetric dimers
similar to those in the 2x1 structure. The pri-
mary difference between the two structures is in
the arrangement of the dimers. Whereas, along
the x direction the 2 &1 surface exhibits a repeti-
tive up-down, up-down geometry, the 4&2 cell
shows an up-down, down-up pattern which leads
to a more electrostatically stable structure. A
charge transfer of 0.36 electrons between type-1
and -2 atoms in Fig. 3 the same as for the 2x1
structure is calculated. The dimer arrangements
in the 4 &&2 structure lead to a gain of 0.12 eVj
dimer in surface Madelung energy over the 2&l
structure when substrate polarization effects are
ignored. Subsurface relaxations similar to those
for the 2&1 case are found to lead to a signifi-
cant reduction (=0.16 eV jdimer) in the total en-
ergy of the 4&2 structure also. Except for the
difference in the arrangement of dimers at the
surface, the atomic displacements of the 4&2
structure were taken to be similar to those in the
2 &1 structure. The change in total energy in
going from the symmetric dimer model (with only
surface reconstruction) to the five-layer asym-
metric model is calculated to be 0.48 eV jdimer.
As mentioned previously the highest occupied
surface state for the 4 x2 structure is found to be
0.7 eV below the VBM. A generally flat empty
surface state 0.35 eV above the VBM is also ob-
tained. The overall shapes of the local density

4 x 2 Unit Cell
(Top view)

FIG. 3. Directions of atomic displacements from
ideal, unrelaxed positions leading to a centered 4&2
unit cell are. shown. The rhombohedral primitive cell
is also shown. Open and dotted circles represent nega-
tively and positively charged surface atoms which are
similar to type-1 and type-1' atoms in Fig. 1., respec-
tively.

of states of the first two atomic layers of the
4 &2 and 2 & 1 surfaces are similar as might be
expected from the close resemblance between
the two structures.

Many models in addition to the one above for
the 4&2 surface were considered. In particular
a model originally suggested by Lander and
Morrison' (LM) was also studied. This structure
has only two atoms per rhombohedral unit cell in
the topmost surface layer. Every atom in the top
two layers of the LM model is fourfold coordi-
nated, but this is achieved at a cost of large bond-
length increases (=11%)and bond-angle changes
(=50%); in addition, half the atoms in the third
layer become fivefold coordinated. The LM mod-
el is energetically unfavorable. Structures with
2 &1 or 4&2 per'iodicities can be constructed
which achieve fourfold coordination of all atoms
with bond-length changes of less than 3.5% and
bond-angle distortion energies much smaller than
those present in the LM model. These structures
were also found to be energetically less favorable
than the asymmetric dimer models discussed
above. The 4x2 multilayer vacancy model of
Poppendieck, Ngoc, and Webb' obtained from
analyses of LEED spectra was not tested.

In conclusion, several different structural mod-
els for the 2~1 and 4~2 reconstructed surfaces
of Si(100) were compared through total-energy
calculations. The energetically favorable ge-
ometries are found to correspond to asymmetric
and partially ionic dimers for both structures,
leading to semiconducting band structures at the
surface. More work on subsurface relaxations
for the 4x2 structure remains to be done. Hope-
fully, the energy-minimization method in combi-
nation with analyses of LEED and He diffraction
spectra will lead to a much better description of
the Si(100) surface in the near future.
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We describe an x-ray scattering study of the commensurate-incommensurate transi-
tion in monolayer Kr films physisorbed onto basal planes of z-y-x exfoliated graphite.
At temperatures of 80.0 and 89.3 K there appears to be a single hexagonal-commensu-
rate-to-hexagonal-incommensurate transition which is at least nearly second order with
mean exponent p =0.30 +0.06. In the incommensurate phase we directly observe domain-
wa11 superlattice effects.

The commensurate-incommensurate transition
(CIT) of monolayers physisorbed onto simple
surfaces is a topic of considerable current theo-
retical and experimental interest. ' 4 One of the
more extensively studied examples of such a tran-
sition is Kr adsorbed onto the (0001) basal plane
of graphite. At submonolayer densities, Kr forms
a commensurate (v 3 x v 3 )30 structure, with one
atom per three graphite hexagons. " At higher
surface density, but still in the first layer, the
Kr lattice becomes incommensurate with respect
to the graphite substrate. Low-energy-electron
diffraction (LEED) measurements by Chinn and

Fain' have shown that the phase change is ap-
parently a second-order transition from a hexa-
gonal commensurate (Hc) structure to a hexagon-
al incommensurate (HI) structure. The LEED
results were interpreted in terms of a one-di-
mensional dislocation theory; however, more
recent theories have emphasized that the two-
dimensional nature of the adsorbate modulations
is essential. ' These theories predict either a
single first-order transition or two successive
transitions, one second order and the other first
order. We shall discuss these theories in the
context of our experimental results; at this point
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