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Structure of the (J3 x J3)R30 Ag/Si(111) Surface from First-Principles Calculations
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The structure of (J3XJ3) Ag/Si(l 1 1) is investigated using first-principles total-energy calculations.
The lowest-energy configuration consists of a top layer of Ag atoms arranged as "honeycomb chained
trimers" lying above a distorted "missing-top-layer" Si(111) substrate. We find that the honeycomb
structure observed in scanning-tunneling-microscope images arises from the electronic charge density of
an empty surface band near the Fermi level.

PACS numbers: 68.35.Bs, 68.35.Md, 73.20.At

The atomic geometry of the (J3&&J3) structure ob-
served during the adsorption of Ag on Si(111) is a prob-
lem that has baSed surface scientists for over a decade
[1-32]. Many techniques [1-29], including scanning
tunneling microscopy (STM), photoemission, photoelec-
tron diflraction, ion scattering, x-ray diA'raction, LEED,
refiection high-energy electron diffraction (RHEED), and
surface extended x-ray-absorption fine-structure spectros-
copy, together with some theoretical efforts [30-32], have
been used to study the surface. However, the surface
structure remains elusive. The main complexity of the
problem comes from the large number of plausible and
conflicting models that have been proposed for this sur-
face, each model having support from some experiments.

Using first-principles total-energy calculations, we have
examined the equilibrium geometries and electronic prop-
erties for many plausible models. We found a structural
model which not only has the lowest surface energy but
can also explain most of the available experimental data
on the system. In particular, we find that the honeycomb
structure observed in STM images arises not from the
top-layer atomic positions but rather from the wave-
function behavior of empty surface electronic states above
the Fermi level.

The first-principles calculations are performed within
the local-density-functional formalism [33] with the
Wigner [34] form of the local exchange-correlation po-
tential, and norm-conserving pseudopotentials [35]. The
Bloch wave functions are expanded in a mixed basis set
[36] comprised of both plane waves (with a 10.5 Ry
cutoff) and numerical orbitals centered at Ag atomic
sites. More technical details can be found elsewhere [37].
A "supercell" geometry (equivalent in thickness to twelve
Si layers in the (111)direction) is used and there are six
layers of Si beneath the Ag layer [38]. If the Ag layer is
in an embedded geometry, there are additional Si atoms
above the Ag layer. Self-consistency is obtained with
seven k points in the two-dimensional irreducible Bril-
louin zone. Forces on the atoms are calculated for each
model and the atoms are fully relaxed (laterally and ver-

tically) to their zero-force equilibrium positions within
the symmetry constraints imposed by the model. In some
cases, multiple starting configurations are tested to mini-
mize the possibility of landing on local rather than global
minimum.

The models we have investigated can be divided into
three groups: (i) —', -monolayer (ML) Ag coverage mod-
els with a top Ag layer arranged in a honeycomb, such
as the Ag honeycomb (HC) model [2, 17], and various
"missing-top-layer" (MTL) models [9,11,26]; (ii) 1-ML
Ag coverage models, with Ag atoms embedded and a top
honeycomb layer of Si (with 3 vacancies), such as the
embedded trimer (ET) model [ll, the substitutional tri-
mer (ST) model [20], and models of Vlieg et al. [6]; (iii)
1 ML of Ag atoms on the top layer above all the Si
atoms, such as the HCT-1 and HCT-2 models, and also
(1 x I) Ag/Si models (for comparison purposes). The
HCT-1 and HCT-2 are named after the honeycomb-
chained-trimer (HCT) arrangement of the Ag layer pro-
posed from x-ray diffraction [5] and RHEED [26] ex-
periments. The HCT-1 model has a missing-top-layer
Si(111) substrate, while the HCT-2 has a full double-
layer Si substrate. For many of the models, diA'erent Ag
registries are considered so as to locate the one with the
lowest energy.

Since there are two possible coverages and hence
diAerent stoichiometries, the quantity that governs the
relative stability of diAerent models is the surface energy
per (J3XJ3) unit cell of the composite Ag/Si system,
which we define to be —,

'
(E(ot N&gEpg NsjEsj) where

E&,& is the total energy of the slab, N&g and Ng; are the
number of Ag and Si atoms in the slab, respectively, and

E&g and Es; are the total energy per atom of bulk Ag and
Si. The factor of one-half appears because there are two
surfaces in a slab. The HCT-1 model has the lowest sur-
face energy.

The structure of the HCT-1 model is shown schemati-
cally in Fig. 1(a) (top view) and Fig. 1(b) (side view).
The structure can be envisioned as follows: Start with a
clean missing-top-layer Si(111) surface (i.e. , each top-
layer atom has three dangling bonds). Put one mono-
layer of Ag above the fifth (or sixth) Si layer, so that it is
0.85 A above the first Si layer and 3.15 A above the
second Si layer (the first intact double layer). The Ag
layer reconstructs, with lateral displacements character-
ized by a parameter x [see Fig. 1(a)] which is found to be
0.43a (a is the lattice parameter of the surface unit cell).
After the reconstruction, the Ag-Ag has a nearest-
neighbor (nn) distance of 3.45 A. The in-plane nn Si-Si
distance in the top Si layer is substantially smaller than
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0 FIG. 2. Comparison of the surface energies for various mod-
els. Experimental surface energy for (2X 1 ) Si(111) is quoted
from Ref. [44], and the surface energy of (7 X 7) Si(111) is tak-
en to be 0.04 eV/(surface atom) lower than the (2X 1) surface
[45]. The (1 x 1) Ag/Si(111) marked with (MTL) has a
"missing-top-layer" Si substrate while the (1&&1) Ag/Si(111)
(unmarked) has an intact double-layer Si substrate.

FIG. l. Geometrical structure of the HCT-1 model: (a) top
view; (b) side view. Shaded and empty circles correspond to Ag
and Si, respectively.

TABLE I. Comparison of the theoretical structural parame-
ters of the lowest-energy HCT-1 model with RHEED [26], x-

ray diffraction [5,6), and x-ray standing-wave [7] results. The
z-Ag and z-Si are the vertical distances of the top Ag and MTL
Si layers above the first Si double layer.

RHEED" X ray" X ray'
Theory

(HCT-1)

x/a 0.46

Ag-Ag (A) 3.36
Ag-Si (A)

Si-Si (A)
z-Ag (A)
z-Si (A)

2e7 ~ 0.5
2.95 ~ 0.05
2.2 ~ 0. 1

0.44+ 0.15 0.43 + 0.04

3.39
2.54
2.68
2.30

2.95+ 0. 1

2. 1 + 0.2

3.43
2.57+-0.0S
2.63 + 0.06
2.32 ~ 0.04

3.05 ~ 0.02
2.26 '

0.43

3.45
2.54
2.60
2.51

3.15
2.30

'Reference [26].
"Reference [5].
'Reference [6].
x-ray standing wave [7].

'E. Vlieg (private communication).

that on an ideal surface so that two of the three broken
bonds of the top Si layers are reformed by the Si trimers.
The remaining dangling bond is satisfied by the Ag
atoms. The nn Ag-Si distance is 2.54 A. The third Si
layer has a buckling of about 0.2 A, with —', of the atoms
positioned above the other 3 . Deeper-layer relaxations

have to be tested with thicker-slab calculations. We note
that if we impose a (1 && 1) surface unit cell (lateral relax-
ations not allowed), 1 ML of Ag on top of an intact
double-layer Si surface actually has a lower surface ener-
gy than the one with a MTL configuration. It is the sub-
stantial reconstruction of the top-layer Si atoms allowed
in the MTL configuration that makes it more favorable in

the (J3xJ3) unit cell.
Several more recent experimental investigations [39,

40] have proposed models essentially identical to the
HCT-1 structure. Model II of Vlieg er al [6) is al.so
equivalent to HCT-1 if we discard the top Si honeycomb
layer, and the model of Ichimiya et al. [26] is similar to
HCT-1 except for an extra twisting of the Si trimers.
Our structural parameters are compared with those re-
ported in RHEED and x-ray experiments in Table I.

The surface energy of the Ag/Si system for a number
of models at their respective lowest-energy configurations
are compared in Fig. 2. We found that all the models in
the second group (1 ML embedded Ag) tend to have
much higher energies than models in the other groups due
to the large number of Si bonds broken to make the top
Si honeycomb layer. Some of the models (e.g. , model III
in Ref. [6]) have energies so high that they are not shown
in Fig. 2. The ET model has the lowest energy in this
group, while model II in Ref. [6] has approximately the
same energy as ST. %'e note that the HCT-1 model not
only has a lower surface energy than all other competing
models, but it is the only model tested that has a surface
energy lower than the reconstructed clean Si(111) sur-
faces. This indicates that the Ag atoms should wet the Si
surface rather than display three-dimensional island
growth on the surface, consistent with the observed
Stranski-Krastanov growth mode of Ag layers on this
surface.

Since the atoms in the top Ag layer are not arranged in
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FIG. 3. Electronic charge-density plot for unoccupied sur-
face states on a horizontal plane 1.5 A above the top Ag layer.
Note the honeycomb arrangement.
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FIG. 4. Density of states for the HCT-1 model.

a honeycomb structure, our model has to be reconciled
with the observed STM images. Since the STM images
are governed by the spatial distribution of electronic
states involved in the tunneling process [41],we examined
the wave functions of electronic states in the energy range
from —2.5 to 2.0 eV around the Fermi level (EF =0 eV).
We found that the charge distributions for the occupied
states (—2.5-0 eV) resemble the atomic honeycomb-
chained-trimer arrangement. Above the Fermi level,
from 0 to 1 eV, the electron charge distribution is dom-
inated by a band of empty surface states. Figure 3 shows
a charge-density plot of the states from 0 to 1 eV in a
plane parallel to the surface 1.5 A above the top Ag lay-
er. The plots exhibit the honeycomb pattern observed by
STM. This observation is consistent with the bias-voltage
dependence of the STM images: The best resolved
honeycomb images were obtained for bias conditions
where the electrons are tunneling from the tip into the

empty surface states. We also observe from Fig. 3 that
the maxima of the electronic distribution for the empty
states occur at the center of the Ag trimers, and are situ-
ated over the fourth Si layer, in agreement with the regis-
try determined by Wilson and Chiang [3].

Figure 4 shows the electronic density of states (DOS)
of the slab for the HCT-1 model [42]. We notice that FF
is located near the bottom of a "pseudogap": a region of
about 1 eV where the DOS drops to a very low value.
The states in this energy region come from a surface
band with charge localized mainly on the Ag layer. This
band overlaps with the valence-band top at the center of
the surface Brillouin zone by less than -0.1 eV, and then
rises sharply with increasing k away from the zone center
giving rise to a very low DOS. HCT-1 is the only model
we have studied that gives something close to a gap in the
DOS near EF. Experimentally, photoemission experi-
ments have reported a gap for the (J3xJ3) surface. It
is possible that the small density of states in the pseudo-

gap region can escape detection in these experiments.
However, surface charging eAects may also be important
for the interpretation of the photoemission data. Quanti-
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tative comparison between our results and photoemission
and STM experiments will have to include the eAects of
surface charging [11] and surface band bending, as well
as the shift of energy position of the surface band relative
to the bulk states as the surface becomes charged [43].
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