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Abstract
Using first-principles calculations, we present a comprehensive study on the atomic and
electronic structures of metal adatoms (noble metals Ag, Au, Cu and alkali metals Li, Na, K)
adsorbed on a Si(111)

√
3 × √

3–Ag (hereafter
√

3-Ag) surface. We found that adsorption of
noble and alkali adatoms can induce significant structural changes in the topmost Ag layer. The
most striking and interesting results are the immersion of the noble and Li adatoms into the
substrate Ag layer and the finding of the most stable configurations with three adatoms
incorporating into or being adsorbed on the surface dependent on their atomic radii. We also
found that the almost empty two-dimensional free-electron-like band s1 and its band folding s∗

1

of the original surface band s1 of the
√

3-Ag surface split into a gap at the surface Brillouin
zone (SBZ) boundary with adsorption of an adatom. The two surface bands gradually move
downwards and the s1 band is gradually filled with an increase of coverage. The s1 band is fully
occupied with the largest band gap ∼0.25 eV between the s1 and s∗

1 bands at the critical
coverage of 0.14 monolayers (ML) [three adatoms in a Si(111)

√
21 × √

21–Ag (hereafter√
21-Ag) unit cell], which corresponds to the most stable adsorption phase. Although the

adsorption configurations are different, both the noble and alkali adatom adsorptions give rise to
similar electronic structures at low coverages, indicating a free-electron-like character of the
adsorption surfaces.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Surface superstructures formed by the adsorption of noble
metals (Ag, Au, Cu) and alkali metals (Li, Na, K) onto
semiconductors have been intensively studied in the past
few decades as prototype systems of metal/semiconductor
interfaces due to the simple electronic structures of the
adatoms [1–4]. However, the adsorption systems may
have complex electronic and atomic structures and contain
rich physics. The

√
3-Ag surface superstructure is formed

3 Authors to whom any correspondence should be addressed.

by annealing a Si(111)7 × 7 surface covered by one
monolayer (ML) of Ag atoms. This adsorption system is one
of the most intensively studied surfaces and its atomic structure
and electronic properties are now well understood [5–9]. The
surface has a nearly ideal two-dimensional free-electron-like
surface state and it is believed that the adsorption of noble
metals or alkali metals with one loosely bound s electron on
the

√
3-Ag surface may lead electron filling into the surface

state resulting in high surface electrical conductivity [4, 9, 10].
Experiments found that 0.1–0.2 ML of noble or alkali

adatoms deposited on the
√

3-Ag surface could form
stable

√
21-Ag(±R10.89◦)+ adatom superstructures, which
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are regarded as a model for binary surface alloys on
semiconductors [4, 11–15]. These surface superstructures
produce surface state bands dispersing across the Fermi
level (EF) and exhibit high surface conductivity, and they
nowadays play an important role in the investigation of
surface state electrical conduction [4, 9, 16, 17]. Based
on many different techniques, such as reflection-high-
energy electron diffraction (RHEED) [18], scanning tunneling
microscopy (STM) [18, 19], angle-resolved ultraviolet
photoemission spectroscopy (ARUPS) [11, 13–15], core-level
photoemission spectroscopy (CL-PES) [20], and grazing-
incidence x-ray diffraction (GIXRD) [12], several atomic
structure models have been proposed to elucidate these noble-
metal induced

√
21-Ag superstructures. A recent theoretical

model proposed by Hojin Jeong et al [21] for the noble-metal
adatoms on

√
3-Ag suggested that the three-adatom immersed

structure on the surface is the most stable phase.
In contrast to the many works on noble-metal adsorption,

only a few studies have so far been reported for alkali
metals on

√
21-Ag superstructures. Experimentally, alkali

metal superstructures have been explored by STM [22, 23],
angle-resolved photoemission spectroscopy [4, 9, 11, 13–15],
core-level spectroscopy [13, 24] and macro-four-point probe
techniques [4, 25], but these works have given us no consensus
on the atomic structures of the systems. From a theoretical
aspect, Hojin Jeong et al [26] studied adsorption of the
alkali adatoms Li, Na and K on a 4

√
3 × 4

√
3-Ag surface.

However, only the low coverage case was considered in their
calculations. To our knowledge, there is no theoretical study
of the alkali metals on a

√
3-Ag surface. Thus, theoretical

investigation on these systems should be very important in
revealing both their atomic and electronic properties.

In this paper, we use a first-principles calculation method
to perform a comprehensive study of the adsorption of both
noble and alkali metals on the

√
3-Ag surface at different

coverages in order to acquire a general picture of the atomic
structure and electronic properties of the monovalent-atom-
induced

√
21-Ag superstructures and make a comparison

between noble and alkali metal adsorption on the surface.

2. Calculation method

In the present research, we carry out first-principles total
energy calculations using the Vienna ab initio simulation
package (VASP) [27] with ultrasoft pseudopotentials [28]
and the generalized gradient approximation of Perdew and
Wang [29] for the exchange–correlation energy. The surfaces
are constructed by repeated slabs with a

√
3 × √

3 and a√
21 × √

21 periodicity in surface unit cells. The slabs contain
a Ag layer and seven (for

√
3 × √

3) or five (for
√

21 × √
21)

Si layers where a H layer terminates the bottom-most Si layer.
A vacuum space of ∼14 Å along the direction normal to
the surface is taken, which is large enough to eliminate the
interaction of the neighboring slabs. We perform ‘accurate’
calculations to avoid wrap-around errors [27] and the kinetic
energy cutoff is taken at 200 eV to expand wavefunctions
within the plane-wave basis. The surface Brillouin zone (SBZ)
samplings are employed with 5 × 5 and 2 × 2 k-point meshes

Figure 1. Schematics for (a) top and (b) side views of the atomic
structure of the

√
21-Ag surface. The small and large rhombuses

drawn by solid lines represent
√

3-Ag and
√

21-Ag unit cells,
respectively. The SiT, LT and ST stand for the Si trimer, large Ag
triangle and small Ag triangle adsorption sites, respectively. In (b),
only the atoms lying between two dashed lines drawn in (a) are
shown. The purple and blue spheres represent Ag and Si atoms,
respectively. The red and black numbers in the

√
21-Ag unit cell

stand for the most stable adsorption sites for the numbers of Na
adatoms increasing from one to seven at the ST and LT sites.

for
√

3 × √
3 and

√
21 × √

21 supercells, respectively. The
conjugate gradient scheme is used to obtain the electronic
ground state for each atomic configuration, and the Hellmann–
Feynman forces are calculated and used to relax the atomic
structures. For geometric optimization, all atoms except for
the bottom-most Si and H atoms have been relaxed until the
force acting on each atom is less than 0.02 eV Å

−1
. The Si–H

distances are fixed at 1.49 Å and the bonds are along the ideal
crystalline directions of Si. The calculated lattice constant of
the bulk Si (5.46 Å) is used in our calculations.

3. Results and discussion

3.1. Atomic structures

The atomic structure of the
√

3-Ag surface with the
inequivalent triangle (IET) reconstruction has been confirmed
by both theory [30, 31] and experiment [31, 32]. This structure
contains a small Ag triangle (ST), a large Ag triangle (LT) and a
Si trimer (SiT) (see figure 1). Calculated side lengths of the LT
and ST are 3.85 and 3.06 Å, which are well consistent with the
previous calculation by Jeong (3.88 and 3.00 Å) [26]. For the√

3-Ag surface there are three adsorption sites, i.e. the centers
of the SiT, ST and LT shown in figure 1. In our calculations,
the average adsorption energy is defined as

Ea = [Esurf + N Emetal − E(surf+Nmetal)]/N,

2
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Figure 2. Calculated (a) adsorption energies (eV) and (b) adsorption
heights (Å) for noble and alkali metal adatoms adsorbed at the ST,
LT and SiT adsorption sites.

where E(surf+Nmetal), Esurf and Emetal are the total energies of
the adsorbed system, substrate and isolated metal adatoms,
respectively, and N is the number of adatoms adsorbed on the
surface.

Firstly, we consider adsorption of a single Ag, Au, Cu,
Li, Na or K adatom on the

√
3-Ag surface using a larger√

21 × √
21 surface unit cell. The case corresponds to a low

coverage of ∼0.05 ML (1/21 ML). Our calculated adsorption
energies and adsorption heights at the three different adsorption
sites are displayed in figure 2, and in table 1 we present
the values of adsorption energy, adsorption height, distance
between the adatom and the nearest substrate Ag atom and side
lengths of the LT, ST and SiT where the adatom adsorbs. We
find that Au, Ag, Li and Na prefer to adsorb at the ST site.
While Cu and K, which have the smallest and largest atomic
radii among the considered noble and alkali adatoms, prefer to
adsorb at the LT site, though the differences in their adsorption
energies at the ST and LT are small (less than 0.1 eV). We
should note that for the noble metals the adsorption energies
at the ST or the LT are larger than those at the SiT site by
more than 1.5 eV. However, for the alkali metals the differences
between the adsorption energies at the LT or ST and at the SiT
are less than 0.5 eV. An interesting result is that the Cu adatom
can immerse in the substrate layer without any energy barrier
when it adsorbs at the SiT site due to its small atomic radius.

Table 1. Calculated adsorption energies (Ea), adsorption heights
(Ha), distances between the adatoms and the nearest substrate Ag or
Si atoms (dadatom−Ag, dadatom−Si) and the side lengths of ST (dST) and
LT (dLT) and SiT (dSiT) for adsorption of a single noble or alkali
metal adatom at sites ST (side length 3.06 Å), LT (site length 3.85 Å)
and SiT (side length 2.52 Å).

Cu Au Ag Li Na K
Sites RM (Å) 1.28 1.44 1.45 1.51 1.83 2.26

ST Ea (eV) 3.05 3.09 2.38 2.36 1.72 1.74
Ha (Å) −0.38 −0.28 −0.21 −0.28 0.48 1.91
dadatom−Ag (Å) 2.68 2.84 2.84 2.76 3.07 3.32
dST (Å) 4.59 4.89 4.90 4.76 5.24 4.53

LT Ea (eV) 3.08 2.91 2.16 2.31 1.65 1.82
Ha (Å) −0.40 −0.25 −0.09 0.34 1.35 2.03
dadatom−Ag (Å) 2.59 4.75 2.73 2.59 2.93 3.31
dLT (Å) 4.44 4.75 4.73 4.40 4.30 4.24

SiT Ea (eV) 2.22 1.54 1.17 1.86 1.44 1.80
Ha (Å) −0.19 1.34 1.43 1.23 1.79 2.25
dadatom−Si (Å) 2.27 2.68 2.75 2.57 3.03 3.43
dSiT (Å) 3.70 2.55 2.55 2.59 2.57 2.56

For a clean
√

3-Ag or
√

21-Ag surface, the average Ag–
Ag distance in the Ag layer is 3.45 Å [(3.85 + 3.06)/2 Å],
which is larger than the Ag–Ag distance of bulk Ag (2.94 Å).
Thus, the clean surface has much space to accommodate
adatoms immersing into the Ag layer. Our results show that
Cu, Au, Ag and Li adatoms can immerse into the substrate Ag
layer due to their smaller atomic radii. The minus values of the
adsorption heights in table 1 represent the depth of the adatoms
incorporated into the Ag layer. It is easily to understand that
the adatom Cu, having the smallest atomic radius, has the
largest depth under the Ag layer. Adsorption of the adatoms
induces the reconstruction of the Ag layer drastically. In
table 1 the side lengths of the Ag triangles and Si trimers where
the adatoms adsorb are given. Comparing the clean

√
21-Ag

surface (
√

3-Ag phase), the side lengths of the Ag triangles and
Si trimers are increased. As an example of the reconstruction,
adsorption of a Na adatom at the ST site induces the substrate
Ag layer with significant structural change: the area of the ST
is expanded by 194% with an equilateral side length of 5.24 Å.
The three neighboring LTs around the ST are shrunk by 37%,
with side lengths of 2.85–4.00 Å. The adsorption energy at the
ST site is larger, with a value of 1.72 eV. When the Na adatom
adsorbs at the LT site, the area of the LT is expanded only by
10% and a 4% contraction of the three STs around the LT is
observed. However, if the Na adatom is put on the SiT site,
the side lengths of the LTs and the STs around the SiT site are
almost unchanged, and the corresponding adsorption energy is
smaller (1.44 eV).

It is interesting to compare our results with the adsorption
coverage of ∼0.05 (a

√
21-Ag surface unit cell used) to that of

Jeong et al [26] with a coverage of ∼0.02 (a4
√

3 × 4
√

3-Ag
surface unit cell used). For the adsorption of noble adatoms,
the adsorption energies at the LT and ST sites at the two
coverages are almost the same, indicating weak interactions
between the noble adatoms at low coverages due to their
d electron screening. For the adsorption of alkali adatoms,
however, the adsorption energies at the lower coverage ∼0.02

3
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Figure 3. Calculated average adsorption energy (filled circles) and
addition energy (filled boxes) in eV of Na adatom as a function of
numbers of Na per unit cell. We only show the results for the most
stable configurations of Na adsorptions for different coverages.

are more than those at the higher coverage ∼0.05 by at
least 0.3 eV. Obviously, stronger repelling interactions exist
between the adsorbed alkali adatoms due to the lack of electron
screening.

Using the
√

21-Ag surface unit cell, we further study the
coverage dependence of the adsorption properties and stability
of the superstructure of

√
21-Ag+ adatoms. As pointed out

in section 1, recently Jeong et al proposed, according to their
first-principles calculations, that for Ag adatom adsorption a
three-Ag adatom immersed structure on the

√
21-Ag surface

was found to be the most favorable [21]. Here we further check
the cases of alkali metal adsorption. We take Na as an example
and add a Na adatom on the

√
21-Ag unit cell from one

(1/21 ML) to seven adatoms (7/21 ML). In the
√

21-Ag unit
cell each adsorption site (LT, ST or SiT) has seven equivalent
adsorption positions. We put Na adatoms on these positions
by finding all possible adsorption cases and relaxing them into
the convergence structures. Finally, after testing several tens
of adsorption configurations we find the most stable adsorption
configurations for adsorption of one to seven Na adatoms in the
unit cell. The most stable configurations at different coverages
are shown schematically in figure 1 (labeled by numbers). The
average and addition adsorption energies at different coverages
are given in figure 3. The average adsorption energies at both
LT and ST sites and addition energies for stable configurations
are present in table 2.

For one Na adatom per unit cell, the adsorption energy
is calculated to be 1.72 eV at the ST site, which has already

Table 2. Calculated average adsorption energies (Ea (eV)) for Na
adatoms at LT and ST sites at different coverages. ST (LT) (1–7)
represent adsorption of one to seven Na adatoms at the ST (LT) sites.
The adsorption configurations are shown schematically in figure 1.
Addition energy of the Na adatom (Eadd (eV)) is defined as the
absolute value of the total energy difference between a stable
adsorption configuration with an extra adatom and a stable
adsorption configuration plus an isolated adatom.

Sites Ea Eadd

ST(1) 1.72
LT(1) 1.65
ST(12) 1.56 1.42
LT(12) 1.56
ST(123) 1.60
LT(123) 1.78 2.21
ST(1–4) 1.47 0.56
LT(1–4) 1.40
ST(1–5) 1.32 0.68
LT(1–5) 1.26
ST(1–6) 1.19
LT(1–6) 1.22 0.75
ST(1–7) 1.17
LT(1–7) 1.18 0.96

been mentioned above. For two Na adatoms, the calculated
average adsorption energy is 1.56 eV per Na at two ST or
LT sites, which is smaller than that of adsorption of one Na
adatom, indicating repelling interactions between Na adatoms.
For adsorption of three Na adatoms, however, the maximum
average adsorption energy of 1.78 eV per Na is achieved as the
three Na adatoms adsorb at the three LT sites which surround
a ST site (see figure 4(a)) and the average adsorption height
is 0.86 Å from the substrate Ag layer. For other adsorption
configurations, for example, the three Na adatoms adsorb at
the three ST sites (hereafter 3ST) around a LT site, where
the average adsorption energy is 0.18 eV less per Na than
for the most stable configuration; if the three Na adatoms
are put on the three ST sites which surround a SiT, the
superstructure becomes less stable by 0.04 eV than the most
stable configuration. If we put the adatoms at the three LT
sites which surround a SiT site, the average adsorption energy
is almost the same as the adatoms at the three ST sites which
surround a LT site.

We should note that the most stable configuration with
three-Na adatom adsorption is different from that of the three-
Ag adatom adsorption (see figure 4(b)), where the three Ag
adatoms adsorb and immerse at the three ST sites which
surround a LT site [21, 26]. However, interestingly, similar to
the case of Ag adsorption, we find that the average adsorption
energy of Na also drops as the coverage goes beyond 0.14 ML
(three Na adatoms per

√
21-Ag unit cell), and then the

average adsorption energy gradually decreases as the coverage
increases. For the addition energy, which is defined as the
adsorption energy to add an extra adatom on the surface, after
experiencing a sharp decline at the coverage of 4/21 ML,
it increases slightly as the coverage increases. Jeong et al
[21] gave an explanation about the stabilization at the critical
coverage of 0.14 ML of Ag adsorption. They argued that at
the critical coverage the available space for adatom immersion
is fully saturated, and the average distance between Ag

4
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Figure 4. (a), (c) Top and (b), (d) side views of the most stable configurations of
√

21-Ag with three Na and Ag adatoms, respectively. Six
characteristic Ag triangles, which are drastically changed from the large (LT1–LT3) and small (ST1–ST3) Ag triangles after adsorption of
three Na adatoms, are shown in (a). The red and green atoms represent three Na and Ag adatoms, respectively.

atoms is drastically reduced so that the Ag–Ag bond strength
is optimized at the coverage and the surface is therefore
stabilized. This explanation seems reasonable and perfect.
But one question still exists: why is the average adsorption
energy of the two-Ag adatom immersed configuration smaller
than that of one-Ag adatom immersed one? The Ag–Ag bond
strength in the case with two immersed adatoms per unit cell
should be more optimized than that of the case with one
immersed adatom. According to Jeong’s argument, the average
adsorption energy of the former should be larger than the latter.
However, this conclusion is in conflict with the calculated
values. Thus, the optimized Ag–Ag bond strength should be
only one of the reasons for the existence of the critical coverage
0.14 ML. In fact according to our following results for the
electronic structures, we can find that the splitting and full
filling of one of the surface states is another reason to stabilize
the surface at the critical coverage. Adsorbed Na adatoms,
on the other hand, do not incorporate into the substrate Ag
layer due to their larger atomic radius. But the adsorption of
Na adatoms on the surface still induces the drastic changes
in the substrate Ag layer and reduces the average Ag–Ag
distance. In the most stable configuration, Ag triangles with
side lengths of 3.06 and 3.85 Å now turn into six characteristic
triangles after adsorption of three Na adatoms (LT1–LT3 and
ST1–ST3 shown in figure 4(a)). The area of the three large
triangles (LT1) containing three Na adatoms is expanded by
∼51% (6.39 versus 9.63 Å

2
before and after the adsorption)

with side lengths of 4.15–5.58 Å. The large Ag triangles
(LT2 and LT3) are contracted by 43% and 38% with side
lengths of 2.91 Å and 2.82–3.95 Å. The expansion of the LT1
also leads to the contraction of its neighboring small triangles
(ST1–ST3). The area of the central small triangle (ST3)
surrounded by the three Na adatoms (LT1) is shrunk by ∼6%
(4.05 versus 3.82 Å

2
) with equilateral side lengths of 2.97 Å.

The contractions of the other two neighboring small triangles,
ST1 and ST2, amount to 8% (3.73 Å

2
) and 6% (3.79 Å

2
) with

side lengths of 2.91–2.96 Å and 2.80–4.50 Å, respectively. The
seven Si trimers with original equilateral side lengths of 2.52 Å
in a unit cell are classified into three kinds of triangles after

Table 3. Average adsorption energy in eV and adsorption height in
Å of adsorption of three noble and alkali adatoms for various
configurations. ST(123), LT(123), ST(234) and LT(234) represent
the four different adsorption configurations corresponding to
three-adatom adsorption at the three neighboring ST sites around a
LT site, the three neighboring LT sites around a ST site, the three
neighboring ST or LT sites around a SiT site, respectively.

Configuration Cu Au Ag Li Na K

ST(123) Ea 3.26 3.27 2.43 2.34 1.60 1.64
Ha −0.34 −0.25 −0.15 −0.04 0.86 1.63

LT(123) Ea 3.29 3.22 2.43 2.45 1.78 1.83
Ha −0.35 −0.25 −0.16 −0.04 0.86 1.58

ST(234) Ea 3.38 3.17 2.40 2.43 1.74 1.80
Ha −0.29 −0.08 −0.02 0.11 0.88 1.61

LT(234) Ea 3.21 3.30 2.43 2.30 1.61 1.67
Ha −0.22 −0.07 0.00 0.13 0.96 1.67

adsorption. There is one Si triangle with an equilateral side
of 2.56 Å, and there are two Si triangles with side lengths of
2.41–3.02 and 2.46–2.72 Å. Therefore, the Si trimers do not
undergo large structural changes upon Na adsorption.

From experimental results, we know that monovalent
adatoms on the

√
3-Ag surface may bring similar atomic and

electronic structures. Similar to Ag adsorption, our results
demonstrate that the configuration with three Na adatoms
at the LT sites is the most stable phase. We therefore
further investigate adsorption configurations of three other
noble or alkali adatoms. The calculated average adsorption
energy per adatom at different adsorption configurations and
the corresponding adsorption heights are listed in table 3.
On the one hand, three immersed Ag adatoms with an
adsorption energy of 2.43 eV/Ag have four kinds of stable
adsorption configurations which are 3ST surrounding a LT,
3LT surrounding a ST and 3ST or 3LT surrounding a SiT,
respectively. The average adsorption energy at the four
different adsorption sites is almost the same, which is in
agreement with the results of Jeong et al [21]. The favorable
adsorption configurations for three immersed Au and Cu
adatoms are 3LT around a SiT and 3ST around a SiT,
respectively. On the other hand, the most stable adsorption

5
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Figure 5. Calculated band structures for (a) clean
√

21-Ag, (b)
√

21-Ag+Na, (c)
√

21-Ag+2Na, (d)
√

21-Ag+3Na, (e)
√

21-Ag+4Na and
(f)

√
21-Ag+5Na. The inset in (a) shows the SBZ of the

√
21-Ag surface unit cell. The energy zero is the Fermi level (EF).

configurations are 3LT around a ST for all alkali adatoms. In
general, the differences of the average adsorption energy for
the four adsorption configurations are small (<0.2 eV) and the
adsorption heights are almost the same. Adsorption of both
noble and alkali adatoms at the critical coverage can induce
significant structural changes of the substrate Ag layer and
enhance the Ag–Ag bond strength.

3.2. Electronic structures

In order to further understand the features of the alkali metal
adsorption on the

√
3-Ag surface, we calculate electronic

structures of Na adsorption at different coverages as an
example. The calculated band structures for the clean

√
21-

Ag (
√

3-Ag phase) and Na adsorption surfaces with from
one (0.05 ML) to five (0.24 ML) Na adatoms are presented
in figure 5. For the clean

√
21-Ag surface, the parabolic

dispersive surface band s1 is clearly seen in the band gap of
the bulk Si and exhibits an isotropic dispersion along different
directions in figure 5(a), which is completely in agreement with
a previous experimental observation [9]. The surface band
s∗

1 above the s1 band is ascribed to band folding of the s1

band of the
√

3-Ag surface unit cell and the s1 band mainly

6
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originates from the surface parallel components of Ag 5p
contributions [15, 21, 33]. The Ag atoms saturate dangling
bonds of the topmost Si atom and the clean surface has no
dangling bonds. Therefore, the clean surface is a special case:
it does not provide electrons for bonding, but provides an
empty surface state s1. Therefore, bonding possibly occurs
between adatoms and the surface via filling electrons from
adatoms into the surface state, which is different from the usual
bonding on the surface where substrate atoms and adatoms
provide electrons simultaneously to form covalent bonds by
sharing electrons. For the band structure of the clean

√
21-Ag

surface, the bottom of the s1 band is somewhat below the Fermi
level at �. Thus, the clean surface exhibits a weak metallic
character at low temperature [4].

After doping one Na adatom on the surface (0.05 ML),
an interesting change in the surface band s1 can be seen in
figure 5(b): it splits into two bands, s1 and s∗

1, and a gap of
about 0.2 eV is opened between the two bands at the SBZ
boundary. Compared to the band structure of the clean surface,
the two bands shift downward to higher binding energies
and the s1 band is partially filled, which again agrees with
the experiment [9]. The band splitting with a gap opening
is obviously due to the appearance of the ionic potential
generated by the Na adatom on the surface: the Na adatom
donates its 3s electron to the s1 band, and the delocalized
electron with a free-electron-like character feels the potential
of the Na cation and in the periodic Na cation potential the
s1 band splits into a bonding surface state (s1) and an anti-
bonding surface state (s∗

1) with a gap between them. Two
recent experiments by Crain et al [34] and Liu et al [35]
pointed out that the s1 band splits with a gap opening with a
small number of adatoms at low temperatures, thanks to the
hybridization of the s1 band with an impurity state formed by
the adatoms. However, they indicated that the splitting band
is below the Fermi level. The DFT calculations of Jeong et al
[21] for Ag adsorption gave a similar band structure with a
small band splitting, but they ignored the splitting and the
changes of the s1 band and argued that the adsorption of extra
Ag adatoms just induces a shift of the s1 band. Our calculated
band structures clearly demonstrate that the surface band s1

splits into a bonding and an anti-bonding surface state and
the two bands, along with other surface bands (not labeled in
the figure), shift downwards to higher binding energies. At a
coverage of 0.05 ML, the bonding state s1 is partially occupied
and the anti-bonding state is empty. The conductance of the
surface should be enhanced.

For two-Na adatom adsorption (0.10 ML), the s1 band
continues to fill, but is still not full (see figure 5(c)). The
two bands s1 and s∗

1 move downwards and at the bottom of
the s1 band, at �, the dispersion deviates from a parabolic
character due to interaction with the other surface states. For
three-Na adatom adsorption, which corresponds to the most
stable surface phase with the critical coverage 0.14 ML, the
band structure exhibits special features: the s1 band is fully
filled and the gap between s1 and s∗

1 is ∼0.25 eV, which is the
largest gap for all coverages. At this coverage, few electrons
are also occupying the anti-bonding state s∗

1. The large band
gap between the bonding and anti-bonding states implies the

stability of the system, which is in line with the calculated the
largest average adsorption energy of the system.

As the coverage increase to 0.2 and 0.24 ML (four and
five adatoms in the unit cell), from the band structures shown
in figures 5(e) and (f) we can see that the anti-bonding state
s∗

1 is partially filled and the band gap between s1 and s∗
1 at the

SBZ boundary is reduced. The Fermi level shifts upward to the
conduction bands and the surface becomes metallic in nature.

4. Conclusion

Using density-functional theory within the generalized
gradient approximation we investigated atomic and electronic
structures of noble and alkali metal adatom adsorption on the√

3-Ag surface. Our results show that the adsorption behaviors
of the metal adatoms are closely related to their atomic size.
A single adatom such as Ag Au, Cu or Li with a small atomic
radius can immerse into the substrate Ag layer, while Na or
K, with large atomic radii, adsorb on the surface. Adsorption
of both noble and alkali adatoms, irrespective of incorporation
into or on the surface, may induce significant changes in the
atomic structure of the substrate Ag layer and reduce the
average Ag–Ag distance. The most stable configurations of the
adsorption systems are three noble or alkali adatoms in the unit
cell. The three adatoms may incorporate into the LT or ST sites
dependent on their atomic radii. For the electronic properties,
we find that the almost empty two-dimensional free-electron-
like band s1 and its band folding s∗

1 of the original surface band
s1 of

√
3-Ag split into two bands with a gap opening at the

SBZ boundary with adatom adsorption. The two surface bands
gradually move downwards and the bonding surface state s1

gradually fills with increasing coverage. The s1 band is fully
occupied with the largest band gap of ∼0.25 eV between the s1

and s∗
1 bands at the critical coverage 0.14 ML (three adatoms

in the
√

21-Ag unit cell), which corresponds to the most stable
adsorption phase. Although the adsorption configurations are
different, both noble and alkali adatom adsorption give rise to
similar electronic structures at low coverages, indicating a free-
electron-like character of the adsorption surfaces.
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