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Using a ﬁrst -principles calculation method we study the changes in the atomic and electronic structures of
the Si(111)y3 X 13- -Ag surface (hereafter V3-Ag) via doping of extra Ag adatoms. We present a structural
model for the adatom-induced \21 X \21 superstructure ( 21 Ag), which has three Ag adatoms immersed into
the substrate Ag layer within a unit cell. The present structural model reproduces well the measured scanning-
tunneling-microscopy images as well as the electronic band structure measured by angle-resolved photoelec-
tron spectroscopy. We find out that the complex band structure seen on the \21- -Ag phase basically arises from
the band folding of the original surface bands of \3- -Ag. The extra Ag adatoms doped on \3- -Ag modify only
the band alignment without any additional adatom-induced surface state. The almost unoccupied two-
dimensional free-electron-like band, generally called S, at pristine \E-Ag is gradually filled and shifted
downward with an increase in the dopant coverage. As this shifted S; band crosses other surface bands, it loses

its free-electron nature.
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I. INTRODUCTION

The metallization of regularly ordered atomic overlayers
or two-dimensional (2D) superstructures on semiconductor
substrates is one of the most interesting subjects in surface
science because they can serve for microscopic investiga-
tions of low-dimensional quantum phenomena such as
quantum Hall effect,! quantum spin Hall effect,> and Rashba
spin-orbit splitting.> Although 2D metallic superstructures
are uncommon on semiconductor surfaces, a few metal/
semiconductor heterostructures such as alkali-metal overlay-
ers on Si(001) (Refs. 4 and 5) and Pb,° Au,’ and Ag
overlayers®32 on Si(111) can be metallized.

Among them, the Si(111)V3 X \3-Ag surface (hereafter
referred to \3- Ag) has been studied most intensively mainly
because of the systematic tunability of its metallic electron
density by doping of extra metal adatoms.®'> The \3-Ag
surface is formed on the Si(111) substrate by deposition of 1
monolayer (ML) Ag saturating all the dangling bonds of the
surface Si atoms. Thus, the y3-Ag is nearly semiconducting
originally with only a very small electron density at the
Fermi level (Ey).'*"'7 However, when a small amount (less
than ~0.1 ML) of monovalent metal adatoms such as noble
and alkali metals are added on the pristine y3-Ag surface, an
electron density at Er gradually increases proportional to the
adatom coverage.5~'3 That is, the pristine y3-Ag surface is
metallized by the doping of extra adatoms. As the adatom
coverage increases to 0.14-0.24 ML, a 21 %21 super-
structure (V21-Ag hereafter) commonly appears for any
monovalent adsorbates.!”"1418-28 A remarkably high electri-
cal conduct1v1ty due to metallic surface bands has been re-
ported on the \21-Ag surfaces formed with Au,2® Ag,?7 and
Na (Ref. 28) adatoms.

This interesting modification of the electronic structure of
\3- -Ag with the adatom doping is generally interpreted in
terms of the electron transfer from the adatoms to the free-
electron-like surface band.®!3 However, the microscopic
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mechanism for the electronic-structure change in \s"g-Ag has
not been made clear. Especially, the failure of the rigid-band
model'>"" and the splitting of the 2D free-electron-like
band!! observed on the \E-Ag surface cannot be explained
by the simple charge transfer or doping model. In order to
understand the microscopic mechanism, the structural infor-
mation is essential. In this respect, the atomic structures of
\3-Ag at low dopant coverages?*3° are resolved in our pre-
vious theoretical study,3' except for that of the \V21-Ag phase
appearing at a higher coverage. Though several structural
models for \21-Ag have been proposed to date through
scanning-tunneling ~ microscopy ~ (STM),'32!  x-ray
diffraction,?”> and reflection-high-energy-electron-diffraction
methods,?* even the optimum adatom coverage of this phase
is still under debate. Figure 1shows four different structural
models proposed previously, where three, 1819 four,?® and
five?! adatoms per V21 X \21 unit cell are suggested to sit
above the substrate Ag layer.

In this paper, using a first-principles calculation method,
we investigate the evolution of the electronic structures
during the structural transformation from V"3-A_g to v’E-Ag.

Since the monovalent adatoms on \3-Ag bring
about basically the same structural and electronic
properties,®1213.19.2428 e concentrate only on the case of the

Ag adatom. For a systematic investigation, we extensively
search for the atomic structure of y21-Ag at various Ag-
adatom coverages and find out that the structure with three-
immersed adatoms within a unit cell is energetically the most
favorable. This structure reproduces well the measured STM
images and the surface-band dispersions of \e’a-Ag. Based
on the atomic structure of the present \s’ﬁ—Ag model and that
at a lower adatom coverage El Ref. 31, we show how the
electronic structure of the \3-Ag surface varies with the
density of Ag adatoms and briefly discuss the origin of the
variation.

©2008 The American Physical Society
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FIG. 1. (Color online) Schematics for the structural models of
the v21-Ag phase proposed by (a) Ichimiya et al. (Ref. 18), (b)
Tong et al. (Ref. 20), (c) Nogami et al. (Ref. 21), and (d) Liu er al.
(Ref. 19). The white spheres represent the substrate Si atoms form-
ing Si triangles and the (normal-sized) blue and (large) red spheres
represent the substrate Ag and Ag adatoms, respectively. The rhom-
buses drawn by solid and dashed lines indicate the y21X y21 and
V3 X V3 unit cells, respectively. In (a), three natural adsorption sites
for extra metal adatoms at the centers of Si triangle (SiT), small Ag
triangle (ST), and large Ag triangles (LT) are marked by small
circles.

II. CALCULATION METHOD

First-principles total-energy calculations are performed
using the Vienna ab-initio simulation package (VASP) (Ref.
33) with ultrasoft pseudopotentials** and generalized-
gradient approximation of Perdew and Wang® for the
exchange-correlation energy. The surface is modeled by a
repeated slab with a y21 X 21 periodicity, where a Ag layer,
seven Si layers, and a H layer terminating the bottommost Si
layer are included. Each slab is separated by an ~10-A-wide
vacuum space. The 13 Ry cutoff energy is used to expand the
wave functions within the plane-wave basis. Four uniformly
distributed k points including the I' point are taken in the
integration over a surface Brillouin zone (SBZ). The bottom-
most Si and H atoms are fixed at their ideal positions with
the calculated lattice constant of bulk Si (5.46 A) and the
calculated bond length of Si-H (1.49 A). The remaining Si
and Ag atoms are fully relaxed until the residual force at
each atom becomes less than 0.02 eV/A. The simulated
STM images are obtained by the isodensity of the local den-
sity of states based on the Tersoff-Hamann approximation.3®
In order to check the reliability of the present calculations,
we perform convergence tests with increasing the cutoff en-
ergy and the number of k points. The results show that the
adsorption energies of adatoms on the 21X 21 supercell
do not change within 0.02 eV when we increase the cutoff
energy to 20 Ry and the number of k points to nine. This
means that the present calculational parameters are sufficient
for reliable results.

III. RESULTS AND DISCUSSION
A. Atomic structure

The previous studies for the extra adatoms on the V3-Ag
surface reported that the \21-Ag structure is induced by
monovalent adatoms of 0.14-0.24 ML without significantly
destroying the underlying v3 X \3 framework.'3-23?7 Thus,
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FIG. 2. (Color online) Schematics for (a) topview and (b) side-
view of the most stable adsorption structures at the coverages from
one to five Ag adatoms per y21 X y21 unit cell. In (b), only the
atoms lying between two dashed lines drawn in (a) are shown. The
small white spheres stand for the Si atoms in deep layers and the
others are the same as in Fig. 1. (c) Adsorption energy (E,, filled
circles) and addition energy of the Ag adatom (E,44, Open boxes) as
a function of Ag-adatom coverage, defined as E,=[E(0)+NEx,
—E(N)]I/N and E,=E(N-1)+Es,~E(N), respectively, where
E(N) and E,, represent the surface energy with N Ag adatoms and
the atomic energy of a freestanding Ag atom in vacuum, respec-
tively. The shaded triangles in (a) denote small Ag triangles in the
pristine IET structure and the dotted line in (c) indicates the energy
of bulk Ag of 2.62 eV/atom for reference.

the atomic structure of l@—Ag can be a starting point for the
investigation of the \21-Ag superstructure. The structural
model for the ground state of the \3-Ag surface, so called
the inequivalent triangle (IET) model,'>'7 is displayed in
Figs. 1 and 2. This IET structure has three (meta)stable ad-
sorption sites for monovalent metal adatoms at the centers of
a Si triangle (SiT), a small Ag triangle (ST), and a large Ag
triangle (LT),'”3! as marked in Fig. 1(a). In our previous
study for low-coverage metal adatoms on the pristine IET
structure, we showed that the metal adatoms (i) are the most
stable at the ST site, (ii) spontaneously incorporate into the
substrate Ag layer, and (iii) favor to form a cluster with ada-
toms immersed at three neighboring ST sites around a large
Ag triangle.’!

In order to determine the high-coverage adsorption struc-
ture of \21-Ag, we add Ag adatoms on V3-Ag from one
(0.05 ML) to five adatoms (0.24 ML) in a v21 X y21 unit
cell, where seven equivalent positions for each adsorption
site (ST, LT, and SiT) exist. We initially put Ag adatoms on
these positions with various adsorption configurations and
then obtain the equilibrium structures by performing the
structural relaxations. We check various inequivalent adsorp-
tion configurations over 30, but only the most stable adsorp-
tion configuration at each coverage is displayed schemati-
cally in Figs. 2(a) and 2(b).

As shown in Fig. 2, the adsorption behavior abruptly
changes over the adatom coverage of 0.14 ML (three Ag
adatoms per V21 X421 unit cell). Up to 0.14 ML, the adsorp-
tion properties at lower coverages, summarized above, are
basically preserved. The extra Ag adatoms energetically fa-
vor to sit on ST sites [see Fig. 2(a)] and are spontaneously
immersed into the substrate Ag layer [see Fig. 2(b)]. The
immersed adatoms reside at almost the same vertical posi-
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FIG. 3. (Color online) Fully optimized geometry of the present
structural model for V21—Ag with three-immersed Ag adatoms: (a)
Topview and (b) sideview, where only the atoms within two dashed
lines in (a) are depicted. Five characteristic Ag triangles, which are
drastically changed from the large (LT1-LT3) and the small (ST1-
ST2) Ag triangles upon adsorption, are marked as shades in (a) for
reference. The rhombus in (a) indicates the v21 X v21 unit cell. For
symbols representing atoms, see Figs. 1 and 2.

tions as that of the substrate Ag layer. This is well consistent
with our previous result’! for the metal adatoms at low cov-
erages, as described above, but in sharp contrast to the pre-
viously suggested models'32* with the adatoms above the
substrate Ag layer. For one and two adatoms per unit cell, the
adsorption energies are calculated as 2.45 and 2.37 eV/Ag,
respectively, at any ST sites in a unit cell. At these coverages,
the LT and SiT sites are less stable than the ST site by ~0.20
and ~1.30 eV, respectively, irrespective of the details of
adsorption configurations. For three adatoms per unit cell,
the adsorption energy is maximized as 2.50 eV/Ag when the
adatoms are positioned at three neighboring ST sites around
a large Ag triangle [see Fig. 2(a)], as being similar to the
adatom cluster at lower coverages. Other arrangements with
adatoms at ST sites, i.e., adatoms at three ST sites around a
Si triangle, are less stable by ~0.10 eV. If the adatoms are
immersed at three LT sites, the surface becomes less stable
by ~0.10 eV.

On the other hand, beyond the critical coverage of 0.14
ML, the fourth and the fifth Ag adatoms sit on ST sites but
significantly above the substrate Ag layer by ~2.40 A. That
is, the available space for the adatom immersion is fully
saturated at the critical coverage of 0.14 ML, as will be dis-
cussed further below. We note that these high-coverage ad-
sorptions do not destroy noticeably the prebuilt three-
adatom-immersed structure, as schematically displayed in
Figs. 2(a) and 2(b). The energy changes with the addition of
a Ag adatom, i.e., the addition energies [open symbols in Fig.
2(c)], are only 1.40 eV for both the fourth and the fifth ada-
toms. Thus, the adsorption energies significantly decrease
compared to that of the three-adatom-immersed structure by
0.27 and 0.44 eV/Ag at four and five adatoms, respectively
[filled symbols in Fig. 2(c)].

Therefore, we suggest the three-adatom-immersed struc-
ture with the highest adsorption energy of 2.50 eV/Ag as the
atomic structure of V21-Ag. The optimized geometry of the
structure is displayed in Fig. 3. The local geometry around
the adatoms is basically the same as that of the three-
immersed-adatom cluster seen at low coverages [see Fig.
5(b) of Ref. 31]. This implies that the adatom cluster appear-
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ing at low coverages**’ is the basic building unit in forming

the y21-Ag superstructure, as suggested by Liu et al.'® The
Si triangles are nearly unchanged upon adsorption (the side
lengths of 2.52 vs 2.44-2.63 A before and after the adsorp-
tion, respectively), while the Ag triangles undergo structural
changes significantly due to the immersed adatoms. Two
kinds of the Ag triangles in the pristine \3-Ag surface with
side lengths of 3.00 and 3.88 A are split into five character-
istic triangles upon adsorption [LT1-LT3 and ST1-ST2 in
Fig. 3(a)]. These are aligned with threefold rotational sym-
metry with respect to the center of the Ag triangle sur-
rounded by three Ag adatoms (LT1). The area of the small
triangle containing an adatom (ST1) is expanded greatly by
~160% (3.90 vs 10.13 A2 before and after the adsorption)
with side lengths of 4.52—5.13 A. The bond distances be-
tween the Ag adatom and the Ag atom at apexes of the tri-
angle are calculated as ~2.85 A. On the other hand, the
unoccupied small Ag triangle (ST2) is contracted only by 3%
with side lengths of 2.91-3.00 A because it is rather far
from the adatoms. The expansion of ST1 leads to the con-
traction of its three neighboring large Ag triangles (LT1-
LT3). The area of the center large triangle surrounded by the
Ag adatoms (LT1) is shrunken by 45% (6.52 vs 3.58 A?
before and after the adsorption) with equilateral side lengths
of 2.87 A. The contractions of the other two neighboring
large triangles, LT2 and LT3, amount to 39% (3.99 A?) and
37% (4.13 A?) with their side lengths of 2.82-4.01 and
2.83-3.99 A, respectively. As a result, the average distance
between the Ag atoms (including the adatoms) is drastically
reduced to 2.97 A (from 3.44 A of the pristine IET model)
which is very close to the calculated interatomic distance of
bulk Ag of 2.94 A. This suggests that the Ag-Ag bond
strength is optimized with three-immersed adatoms per V21
X 21 unit cell. Thus, the adatom immersion is saturated and
the surface is stabilized at the coverage of 0.14 ML.

For comparison of the present structural model with the
previously proposed ones shown in Fig. 1, we also position
the Ag adatoms as in these models and perform structural
relaxations. The results show that, except for the model by
Ichimiya et al.'® [Fig. 1(a)], three of the Ag adatoms are
spontaneously incorporated into the substrate Ag layer, even
though all of the adatoms are initially positioned at 2.40 A
above the substrate Ag overlayer. In the final structure based
on the model by Liu et al.'® [Fig. 1(d)], three Ag adatoms are
immersed at LT sites. This structure is less stable than the
present model only by ~0.10 eV. The final structures start-
ing from the models by Tong et al.?® and Nogami et al.*!
[Figs. 1(b) and 1(c), respectively] are highly unstable than
the present model with the adsorption energies of 2.17 and
2.01 eV/Ag, respectively, due to the remaining adatoms
above the Ag layer. On the other hand, in the optimized
structure based on the model by Ichimiya et al.'® [see Fig.
1(a)], the Ag adatoms at three SiT sites are positioned above
1.54 A from the substrate Ag layer with an adsorption en-
ergy of 1.19 eV/Ag, significantly smaller (less favorable)
than that of the present \21-Ag model by 1.31 eV/Ag.

The present results provide a natural explanation for the
formation of the metastable \21-Ag superstructure; the
V21-Ag phase is formed only below RT and, as the tempera-
ture increases, the phase changes to pristine \fg-Ag. The im-

235425-3



JEONG, YEOM, AND JEONG

R R
LR e H % o

/ ; i
M.y C
kot 28 s DRI

FIG. 4. (Color online) Simulat_ed STM images for [(a) and (b)]
the present structural model of y21-Ag with adatoms immersed at
ST sites and for [(e) and (f)] the optimized Liu model with adatoms
immersed at LT sites [see Fig. 1(d)]. All the simulated STM images
are obtained with isosurfaces of electron density of
2.8 millielectron/A3. The average heights from the surfaces and
the overall corrugations of the simulated STM images are [(a) and
(e)] about 2.6 and 1.5 A for the filled-state images and [(b) and (f)]
about 2.8 and 1.4 A for the empty-state images, respectively. [(c)
and (d)] Experimental STM images taken from Figs. 8(b) and 8(e)
of Ref. 12, respectively, where the present structural model for
\e“ﬁ—Ag is superimposed. Biases for [(a), (c), and (e)] filled-state
and [(b), (d), and (f)] empty-state images are —1 and +1 V, respec-
tively. On all the images, the v21X 21 periodic meshes (solid
lines) and the key topographic patterns of the measured STM im-
ages (dashed circles and curves) are drawn. The contrasts of the
simulated STM images are marginally modified.

mersed Ag adatoms at lower coverages than 0.14 ML are
strongly confined within the 2D Ag overlayer without any
metastable position above the Ag overlayer. Therefore, the
nucleation of Ag adatoms into three-dimensional (3D) is-
lands would be greatly suppressed, giving rise to the stability
of v21 —Ag. However, if the temperature increases, because
the adsorption energy of the immersed adatom (=2.50 eV)
is smaller than the energy of bulk Ag (2.62 eV), the Ag
adatoms would prefer to nucleate over the potential barrier
confining adatoms within the 2D surface layer. Thus, the
surface would return to pristine V3-Ag with the formation of
3D Ag islands.”’

B. Scanning-tunneling microscopy simulations

The comparison of simulated and experimental STM im-
a&s strongly supports the present structural model for the
V21-Ag surface. Figure 4shows simulated and measured
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STM images'? with filled and empty biases of +1.0 V. The
measured filled-state STM image [see Fig. 4(c)] is character-
iz&i by a propellerlike bright feature and a bright spot in a
V21 X 21 unit cell. On the other hand, the empty-state im-
age [Fig. 4(d)] exhibits ringlike patterns at the apexes of the
unit cell and two bright spots within the boundary. The
present structure reproduces not only these characteristic to-
pographical patterns but also the alignments of the patterns at
both filled and empty states [see Figs. 4(a) and 4(b)]. In the
simulated STM image at the filled state [Fig. 4(a)], the Ag
adatoms as well as Si triangles look dark, while the Ag tri-
angles without a Ag adatom look bright. Thus, the center Ag
triangle (LT1 in Fig. 3) surrounded by the Ag adatoms looks
like a bright protrusion and the network of the unoccupied
small Ag triangles (brighter: ST2 in Fig. 3) and shrunken
large Ag triangles (less bright: LT2 and LT3 in Fig. 3) ap-
pears as a propeller. In the empty-state image of Fig. 4(b),
unlike the filled-state image, the small triangles and the
shrunken large triangles with medium brightness form the
ringlike pattern at the apex of the boundary of the unit cell.
Two bright protrusions with high brightness are due to the
center Ag triangle (LT1) surrounded by the Ag adatoms and
the unoccupied small Ag triangle (ST2).

Since the structures with immersed adatoms, but in differ-
ent adsorption configurations from the present model, are
energetically comparable with the present model within 0.1
eV, we check the STM images of those structures. Among
them, the simulated STM images of the optimized Liu’s
model, for examples, are displayed in Figs. 4(e) and 4(f). As
seen in the figures, the key topographical patterns of the
measured STM images are also reproduced in the simulated
STM images, but the alignments of these patterns match with
the measured images only at the empty state [Fig. 4(f)]. In
the filled-state image [Fig. 4(e)], the propellerlike patterns
are largely rotated compared to the measured filled-state im-
age. We note that other structures with immersed adatoms
have similar discrepancy in their filled-state STM images
(data not shown here). We also simulate the STM images of
the previous structural models with adatoms above the Ag
layer (the optimized structures from the models shown in
Fig. 1, except for the Liu’s model). However, all of these
structures produce only bright protrusions at the adatom po-
sitions in the simulated STM images at both filled and empty
states (results not shown here), in sharp contrast to the mea-
sured STM images showing the strong polarity dependence.
These clear disagreements further support the present struc-
tural model with adatoms immersed at three neighboring ST
sites in a unit cell.

C. Electronic structure

Next, we investigate the evolution of the electronic struc-
ture of \3—Ag via the doping of Ag adatoms. The calculated
band structures for pristine y3-Ag and Ag-adatom-doped sur-
faces by one (0.05 ML) and three (0.14 ML) Ag adatoms per
V21 X V21 unit cell are displayed in Fig. Swith the corre-
sponding experimental results. _

In the pristine IET structure for \3-Ag, we find four sur-
face states as denoted by §;—S, in Fig. 5(a). The nearly
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FIG. 5. (Color online) Calculated and measured band structures
for [(a) and (b)] pristine \5_3-Ag, [(c) and (d)] Ag-adatom-doped
V3—Ag, and [(e) and (f)] V21-Ag. The experimental data are taken
from (b) Refs. 13, (d) 10, and (f) 13 and 14(for right and left panels
with respect to F) '), respectively. The inset in (a) shows the SBZ of
the v3-Ag and v21-Ag surfaces. In the calculated band structures,
the surface states mainly originating from Si and Ag atoms forming
triangles are indicated by open and filled symbols representing the
surface-parallel (p;, boxes), surface-perpendicular (p,, upper-
triangles), and spherical-symmetric (s, circles) orbital components,
respectively. The gray dots indicate the bulk-Si states. In (c) and (e),
the E of the pristine \3- -Ag surface (E); ‘3) are marked by the hori-
zontal solid lines, and the S| bands of the pristine \3- Ag(S‘ ) and
0.05 ML adatom-doped surface (ST'4€) are marked by the dashed
curves. In (d), short-thick lines indicate the positions of the mea-
sured VBM relative to Er of the adatom-doped surfaces by 0.0015,
0.022, and 0.086 ML, from top to bottom. The calculated S| band at
0.05 ML is drawn by the dashed curve for reference. In all figures,
the energy zero is Ep of the corresponding surfaces.

parabolic dispersive band, S, exhibits an isotropic dispersion

along both the T-M(101) and the I'-K(112) directions within
the band gap of bulk Si, implying the 2D free-electron-like
character as reported in the photoemission spectroscopy
(PES) experiments.®!3 This §; band mainly originates from
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the surface parallel (p;) components of Ag 5p.'%!7 The bot-
tom of the S| band is located just below 0.06 eV from the

Fermi level at T and 0.08 eV higher than the valance-band

maximum (VBM) (0.14 eV below the Fermi level at T),
respectlvely That is, S is almost unoccupied at the pristine
\3- -Ag surface. In contrast, the S, band is confined at a nar-

row energy range between —0.24 (at M) and -0.57 eV (at K)
from the VBM with little dispersion. This band comes
mainly from Si 3p; with a contribution of Ag 5p; near the
SBZ boundary and from Ag 5s with a contribution of Si 3p,

around the T' point. This suggests that S, originates from the
covalent interaction between Si and Ag. The other two sur-
face bands, S; and S,, are due to the backbonds of the top-
most Si atoms forming Si triangles and the 5s component of
surface Ag atoms, respectively. These surface bands match
well with the measured band dispersions [Fig. 5(b)],'* when
the fully occupied S,-S, bands are shifted downward by
~0.5 eV. The calculated S;—S5 and S, bands correspond to
ES|—ES; and ESs (or S;—S3 and S5 in Ref. 13). These were
shown to be mainly composed of p-(ES;), p,-(ES;), and
s-orbital (ES, and ESs) components,'” in accord with the
present results.’” The effective mass of the S; band is calcu-
lated as 0.17m,, where m, is the mass of a free electron. This
also agrees relatively well with the experimental values of
(0.07-0.25)m,.>*

One of the most interesting features in the electronic
structure of the y3-Ag surface is the systematic variation of
the occupation of S; by doping of a small amount of
monovalent metal adatoms [see Fig. 5(d)]. This feature is
commonly attributed to the electron donation from the ada-
toms to the S; band.®~'> However, although the electron-
doping scenario explains well the filling of the S; band, the
details of the band modification are not consistent with the
rigid-band model underlying this scenario. The rigid-band
model says that the doping of electrons just pushes Ej up-
ward without any change in the band structure itself. How-
ever, two recent experiments by Crain et al.'” and Liu et al.'!
showed that the S| band splits with a gap opening by a small
amount of adatoms at low temperatures. They argued that
this subtle band splitting is due to the hybridization of the $,
band with an impurity state formed by the adatoms. In addi-
tion, both experiments revealed that the S; band, although
the other bands exhibit no energy shift, continuously shifts
toward the higher binding energies, in clear contradiction to
the simple rigid-band model [see Fig. 5(d)]. This implies
extra interaction beyond the simple charge transfer.

The electronic-structure variation of v3-Ag via doping of
a small amount of Ag adatoms is simulated with the adatom-
doped surface by 0.05 ML (see Fig. 2 of Ref. 31for details of
the atgnic structure). Because the surface is modeled with
the V21 X \E supercell, extra surface states beyond the
original surface bands of pristine y3-Ag emerge in the elec-
tronic structure of the surface, as displayed in Fig. 5(c). That
is due to band-to-band interactions between the original
bands and the backfolded bands of the y21 X y21 SBZ. The
S; and S, bands of the prlstme IET structure split into two
(S, and S)) and four (S(1 S(4)) bands with almost the same
orbltal_components as the original surface bands of the pris-
tine V3-Ag surface, respectively. The E of the doped surface
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shifts upward by 0.42 eV relative to that of the pristine
\3- -Ag (0.14 vs 0.56 eV from VBM before and after the
adsorption), and the S(l S(4) bands are located at nearly the
same energy range (— 0 25 and —0.50 eV from VBM) as that
of the S, band in the pristine IET structure, in accord with
the rigid-band model. However, in sharp contrast to the rigid-
band model but in accord with previous experiments,'®!! the
S, band anomalously shifts downward by 0.23 eV [see S}S
and S, in Fig. 5(c)]. As a consequence, the bottom of the S,
band is located at 0.71 eV [(0.06+0.23+0.42) eV] below
Er, which is comparable with the experimental values of
~0.54 and ~0.88 eV at the dopings of 0.022 and 0.086 ML,
respectively'? [see Fig. 5(d)].

This unexpected energy shift of the S; band is also seen in
the previous first-principles calculation by Aizawa and
Tsukada, 17 with a Ag adatom above the Ag overlayer in a
NEP \3 unit cell (0.33 ML). In their model, unlike the im-
mersed adatoms in the present case, the Ag adatoms rarely
change the underlying \3- -Ag structure. Thus, the structural
change in the Ag layer due to the immersed adatoms cannot
be the primary origin for the shift of the S; band. We at-
tribute this downward shift of the S, band to the electrostatic
attraction between delocalized electrons (S;) and positively
charged metal ions. The doping of extra Ag adatoms will
increase the density of delocalized electrons as well as that of
the metal ions through the electron donation from the ada-
toms to the S; band. Thus, such an attraction would increase
with the doping level, inducing a higher binding-energy shift
of the S, band. In addition, because the immersed adatom
increases (reduces) the bond strengths (lengths) among Ag
atoms, this energy shift tends to be enhanced as adatoms are
incorporated into the substrate; the average distances be-
tween Ag atoms of \3-Ag reduce to 3.30 from 3.44 A with
0.05 ML adatoms immersed into the substrate Ag layer.

However, contrary to the experimental observations by
Crain et al'® and Liu et al,"" the S, band simply shifts
without any change in its dispersion in the present calcula-
tion. Furthermore, there is no adatom-induced bound states
crossing the S; band below Ej for the doped surfaces, unlike
the argument of Liu et al.'! These results suggest that other
types of surface defects, rather than adatoms, are associated
with the band splitting of the S; band. For example, a domain
boundary between two degenerate IET structures could be
one of such defects, which appears inevitably at low tem-
perature, while disappears at high temperature due to the
rapid thermal fluctuation between two IET domains.'>'

The surface structure with the y21X 21 periodicity at
0.05 ML and the corresponding electronic structure [Fig.
5(c)] are rather artificial since the phase transition to y21-Ag
occurs only at the coverages between 0.14 and 0.24 ML.
Nevertheless, tlﬁfeatu_res in the electronic structure for 0.05
ML with the y21 X y21 periodicity provide a basic concept
for the changes in the band structure during the phase trans-
formation to \21-Ag. As shown in Fig. 5(e), the calculated
electronic structure of the present \21-Ag model with two
more Ag adatoms per unit cell is somewhat similar to that of
the surface with single immersed adatom within the unit cell
[Fig. 5(c)]. These band structures have the same components
of the surface bands: S}, S|, S(l) @ and S5 at the energy
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range from —1.5 to 0.5 eV. This implies that the complex
band structure seen in the \21-Ag phase [see Fig. 5(f)] basi-
cally originates from the folding of the surface bands of the
pristine \3-Ag. The extra Ag adatoms modify these surface
bands marginally, except for a larger shift of S;.

As extra Ag adatoms donate their 5s electrons into the
V21X 21 unit cell, the partially occupied S; band of the
single-adatom-immersed surface becomes fully occupied.
The empty S| band with a sharp dispersion becomes partially
filled, implying the strong metallic character of the V21-Ag
surface. The S; band simply shifts by —-0.43 eV, except

around the T" point [see S7'¢ and S in Fig. 5(e)], resulting in
the shift of the §; band toward a higher binding energy by
0.72 eV (0.29+0.43 eV) from that of the pristine y3-Ag
surface. This shift makes the S; band to cross the nondisper-

sive S, band of the pristine y3-Ag around the I point, result-
ing in a gap opening at the intersections between S; and
S(1 2 and in the flattening of the §; band.

It is interesting that E of the \21- -Ag surface becomes
slightly lower by 0.04 eV than that of the 0.05 ML adatom-
doped surface. This implies that the downward shift of the S,
band overcompensates the upward shift of E, due to the
electron transfer from the adatoms to the surface band. The
strong downward shift or the stabilization of S| can be as-
cribed to the drastic decrease (increase) in the bond distances
(strengths) between the Ag atoms at the present y21-Ag
structure; the average Ag-Ag distances are 3.44, 3. 30 and
2.97 A for the \3- -Ag, 0.05 ML adatom-doped, and \21- -Ag
surfaces, respectively. In addition, since the structural
changes in the Ag layer due to the adatom immersion alter
the bonding environment of the surface Si and Ag atoms, the
splitting of the corresponding Ag-Si bondmg state (S“) @)
tends to be enhanced The splittings between 52 and S5 and
between S(z) and S2 , compared to those of 0.05 ML case,

increase by ~0.2 and ~0.15 eV along the M 1(2)-A 132) line,
respectively, while the nearly degenerate S2 and 52 bands
are almost unchanged.

The present calculation for the electronic structure of
\21- -Ag is in good agreement with the measured band dis-
persions by Zhang et al.'* and Matsuda et al.,'> which are
shown in the left and right panels in Fig. 5(f), respectively. In
both experiments, besides the original surface bands, three
new surface bands, denoted as ESy, ESs, and ESg in Fig. 5(f),
are detected on the \21- -Ag surface. These are apparently
consistent with Sp S(z1 , and S(2 in the present calculation,
respectively, with a uniform energy shift of ~0.4 eV. The
two closely lying bands of S(23) and S(24) in the calculation
seem to be detected as a single band of ES, in the experi-
ments. The splitting of the S; band with the crossing of the
localized surface band of S, is clearly seen in the experiment
by Zhang et al.,'* where the dispersive ES, band (corre-
sponding to the S; band in the calculation) becomes nondis-

persive while ESg (corresponding to S(zz)) dips around the T’
point.
IV. CONCLUSION

The evolu_tion _of the atomic and electronic structures of
the Si(111)v3 X y3-Ag surface by the doping of the monova-
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lent Ag adatoms has been investigated using a first-principles
total-energy calculation method. We have found out that the
adsorption behavior of the Ag adatoms on the y3-Ag surface
critically depends on the adatom coverage. At a lower cov-
erage than 0.14 ML (three Ag adatoms per V21 X421 unit
cell), the Ag adatoms are immersed into the substrate Ag
overlayer with relatively large adsorption energies of 2.37-
2.50 eV/Ag. On the other hand, the excess adatoms beyond
the critical coverage of 0.14 ML are weakly bound above the
Ag overlayer with the adsorption energies of ~1.40 eV/Ag.
From the comparison of adsorption eneggies at various ada-
tom coverages, we have proposed the y21-Ag superstructure
as the structure with three-immersed Ag adatom in the V21
X 21 unit cell. The excellent agreement between the simu-
lated and the measured STM images at both filled and empty
states strongly supports the present structural model.

The changes in the electronic structure during the phase
transition from \3- -Ag to \21- -Ag have also been explored.
The electronic structure of the pristine IET surface consists
of the surface states mainly originating from the Ag-Ag
bonds composed of surface parallel p, and p, orbitals (S,),
Ag-Si bonds (S,), backbonds between the topmost and sub-
surface Si atoms (S;), and Ag5s orbital (S,). The free-
electron-like S| band continuously shifts toward higher bind-
ing energies as the adatom coverage increases. On the other
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hand, the other surface bands exhibit no significant energy
shifts. As a consequence, the §; band approaches to the S,
band with an energy shift of 0.23 eV at the intermediate
coverage of 0.05 ML and finally crosses the S, band with an
energy shift of 0.72 eV in the \21-Ag surface with 0.14 ML.
The crossing of the S; and S, bands gives rise to a splitting
of the S| band through a resonant interaction with the S,
band. We attribute the unusual energy shift of the S; band to
the electrostatic attraction between delocalized S; electrons
and positively charged Ag (ad)atoms. In addition, the folded
bands due to the change in the surface periodicity emerge at
the doped surfaces with both 0.05 and 0.14 ML coverages,
which have the same origins in spite of different doping_lev-
els. Therefore, the electronic structure changes from V3-Ag
to \21 -Ag are the combined results of the downward shift of
the S, band and the folding of the prlstlne surface bands into
a reduced surface Brillouin zone of the v21X 21 unit cell.
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