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We have investigated structural and vibrational properties of Na nanoclusters self-assembled on the
Si(111)-7 x 7 surface at room temperature mainly using high-resolution electron-energy-loss spectros-
copy. We observe three characteristic loss peaks L, Ly, and L3 ascribed to an interband transition, a local
atomic vibration, and another interband transition from an Na nanocluster-induced state, respectively.
The spectral change of L; with Na coverage 0 suggests that the S; dangling bond band is gradually filled
up to open a band gap with increasing 6 up to 1.1 eV when all three loss peaks completely disappeared.
The relatively high loss energy E; = 243 meV of L, with a narrow linewidth of 32 meV indicates the only
Na-Si atomic vibrational mode with Na atoms occupying the tilted on-top sites above Si rest atoms. Fur-
thermore the extremely weak loss peak L; visible at a coverage range unique only to the Na nanoclusters
proves the presence of a Na nanoclusters-induced electronic state N,. These observations provide expla-
nation to most unresolved spectral behavior of earlier photoemission study and evidence for the atomic
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structure of the Na nanocluster.
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Nanoclusters are attractive host for the diverse industrial appli-
cations including quantum information processing, optical devices,
and biology due to their atomic like electronic properties [1-3].
Various experimental approaches such as lithography, etching,
and a method using the periodicity of solid surfaces have been
adopted to grow such nanoclusters [4-6]. Recently, several atomic
species have been reported to form lattice-like arrays of nanoclus-
ters self-assembled on the Si(111)-7 x 7 surface at room temper-
ature [7,8,10,11,9].

As reported by Cho and Kaxiras, metal adsorbates occupy high
symmetry sites around Si restatoms within the so-called attractive
basins to form nanoclusters [12]. Since there are three attractive
basins in each faulted half unit cell (FHUC) and unfaulted half unit
cell (UHUC), nanoclusters in their stable configurations tend to
make a lattice-like array as observed in scanning tunneling micro-
scope (STM) images. Most nanoclusters formed on the Si(111)-
7 x 7 surface are found to be semiconducting and contain six
adsorbate atoms in each nanocluster [7,8,10,11,9]. One of the inter-
esting features of such nanoclusters exhibiting atomically well re-
solved STM images is that most metal adsorbates cause significant
rearrangement of the substrate Si atoms upon forming nanoclus-
ters at room temperature (RT) [7,8] although some exceptions have
also been reported [10,11,9].
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Sodium (Na) nanoclusters, in particular, show some distinct fea-
tures compared with other nanoclusters [7,13]. Wu et al. reported
that there are three regions in the curve of work function change
with increasing Na coverage 0 revealing two inflection points at
0, = 0.08 monolayers (MLs) and 6, = 0.22 ML. For 6 < 0.08 ML,
the surface shows a gas-like phase with atomically unresolved
STM imgages where Na atoms appear to be quite mobile on the
surface. For 0.08 ML < 6 < 0.22 ML, Na atoms form nanoclusters
with a maximum density at 0.22 ML. Based on their STM observa-
tion and theoretical calculations, they proposed an atomic model
where each Na nanocluster contains six Na atoms in the form of
a triangle surrounding a Si trimer in the middle formed by Si ada-
toms moved inward (see Fig. 3 in Ref. [7]). Meanwhile Ahn et al. re-
ported angle-resolved photoemission (ARP) study that new surface
states associated with Na adsorption appear for each stage of
adsorption, and demanded a theoretical calculation of band struc-
ture to explain spectral behaviors of these states [13].

With this background, we have investigated properties of elec-
tronic excitations associated with the formation of Na nanoclusters
on the Si(111)-7 x 7 surface. We find three characteristic loss
peaks in our high-resolution electron energy loss spectroscopy
(HREELS) that behave quite differently with 6. The behavior of a
peak L; of loss energy E; = 300 meV apparently stemming from
an interband transtion from S; state near Fermi level persists until
the completion of the array of Na nanoclusters at 0,. Meanwhile
another loss peak L, of E; = 243 meV changes sensitively with 0
showing a quite narrow linewidth of 32 meV. We ascribe L, to
the atomic vibration of Na atoms occupying the on-top sites above
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Si restatoms. Another loss peak L3 appears to be quite weak and is
ascribed to an interband transition from the Na nanoclusters-in-
duced state N,. The presence of these loss peaks and their spectral
behaviors with 0 explain qualitatively most of the unresolved spec-
tral features in previous ARP study [13]. In addition, the only atom-
ic vibrational mode L, observed in our EELS spectra confirms the
atomic model proposed by Wu et al., and explains the rather quick
disappearance of S, state in earlier ARP study.

Experiments have been performed in two separated ultra-high
vacuum chambers of STM and HREELS equipped with typical sur-
face diagnostic probes such as low energy electron diffraction
(LEED) and X-ray photoemission spectroscopy (XPS). The base
pressure of the chambers has been maintained below
1 x 107'° mbar during the whole experimental process. The EELS
has a Leybold-Heraeus ELS-22 spectrometer constituted with two
127¢ cylindrical deflectors for both monochromator and analyzer,
which yields an optimum resolution of 7 meV and a half-accep-
tance angle of 2°. The XPS primarily used to measure work function
change induced by Na adsorption utilizes a concentric hemisphere
analyzer and an X-ray source of Mg Ko radiation. A Si(111) sample
was prepared by cutting a n-doped Si wafer of a resistivity
~2Qcm into a ribbon shape of dimensions 5 x 30 x 0.5 mm?.
We have followed a well-known cleaning recipe of the sample until
we observe a well-defined 7 x 7 LEED pattern with a dark back-
ground showing no detectable impurity peaks (O 1s, C 1s) in XPS
scan [14]. We have used a commercial Na SAES getter source to de-
posit Na atoms onto the clean Si(111)-7 x 7 surface. The Na depo-
sition has been made at a deposition rate of 0.018 ML/min after
5 min cooling from annealing at 800 °C to ensure the adsorption
of Na atoms at RT. The Na coverage has been calibrated by measur-
ing work function change. All EELS measurements have been per-
formed within one hour after cleaning the sample to avoid any
contamination effect.

As shown in Fig. 1, we have also observed three different phases
of Na nanoclusters upon forming on the Si(111)-7 x 7 surface at
RT as reported by Wu et al. [7]. The sparse distribution of Na

Fig. 1. STM images of the Na adsorbed Si(111)-7 x 7 surface at RT with coverage
(a) 0.04 ML, (b) 0.12 ML, (c) 0.22 ML, and (d) 0.33 ML. Faulted and unfaulted halves
of aSi(111)-7 x 7 unit cell are denoted by "F” and "U”, respectively, in inset of (a).
One finds that the sparse distribution of Na nanoclusters in (a) and (b) becomes a
lattice-like array in (c).

nanoclusters at 0 < 0, is seen in Fig. 1a with most Na nanoclusters
occupying FHUCs. With increasing 0, we find a lattice-like array of
nanoclusters at 0, (Fig. 1c). With further deposition of Na, the
nanoclusters appear to decay into a nonuniform distribution of
clusters with deformed shapes (Fig. 1d). Our work function change
versus 6 curve (A¢) shown in Fig. 2 also exhibits two infection
points at 0; and 0, as observed by Wu et al. [7]. The three different
stages I, II, and III as distinguished by different slopes and also dif-
ferent STM images in Fig. 1 illustrate the different phases of form-
ing nanoclusters. The stage [ identified as a gas-like phase reveals a
rapid linear drop of work function as mostly seen from atomic
adsorption on metal surfaces due to the formation of electric dipole
moments on the surface. Ahn et al. observed that a new state N; of
binding energy E, = 0.36 eV develops in the stage I and its binding
energy continues to shift to higher energy side up to E, = 0.56 eV
with increasing 0. They also observed that the surface state S,
stemming from Si restatoms weakens quickly with 6 while S; from
Si adatoms and Ss; from adatom backbonds slowly weaken. With
the formation of Na nanoclusters in the stage I, A¢ shows a much
slower decrease with 0 where new surface states N, of E;, = 0.50 eV
and N3 of E, = 1.10 eV appear in photoemission spectra [13].

We present a series of HREELS spectra obtained from the Na ad-
sorbed surface at various values of 0 in Fig. 3. The spectra have
been measured with a primary electron energy of 5.0 eV in a spec-
ular scattering geometry with incidence angle 0; = 60°. The bottom
spectrum shows a Drude tail of metallic continuum due to the con-
tinuous electron-hole pair excitations from the S; state near Fermi
level [15]. As soon as Na is adsorbed, the surface, however, be-
comes semiconducting as seen by the significantly reduced line-
width of the elastic peak at low 0 (not shown). The surface
eventually shows a band gap of 1.1 eV near 0.5 ML as reported ear-
lier [14]. Interestingly we notice a quite broad bump centered
around a loss energy E; = 300 meV from the clean Si(111)-7 x 7
surface at 2° off from the specular angle (the second spectrum from
the bottom in Fig. 3). This broad feature may be a loss peak pro-
duced by different scattering mechanism such as impact scattering
[16]. As discussed later it, however, appears to survive with Na
adsorption almost up to 0, where Na nanoclusters completely cov-
er the whole surface. The most prominent loss peak associated
with Na in Fig. 3 is the sharp loss peak with loss energy of
243 meV, which sensitively changes with 6. The spectrum shown
in inset also show a new loss peak centered at 622 meV at
0 = 0.282 ML, unique only to the Na nanoclusters.

601 902
00F <9 :
Q :
\ :
o} :
O\ H
-0.5r o} : :
< \O stage 11 stage IIT
() N ;
~ O\‘ .
g stage ] Y000 i
-1.0 : Oogé :
‘ OO.OO }
OO:\O
HEN
15+ : O\O
0.0 0.1 0.2 0.3
Oy, (ML)

Fig. 2. Work function change (A¢) versus Na coverage (6). There are three distinct
stages I, II, and III corresponding to gas-like phase, lattice-like phase, and decayed
phase of nanoclusters, respectively, as suggested by a previous STM study (Ref. [7]).
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Fig. 3. Spectral change of HREELS spectra with increasing Na coverage 0. The spe-
ctra have been measured with a primary electron energy of 5.0 eV at a specular
geometry with incidence angle 0; = 60°. The loss peak L; and L, attributed to an
interband transition (marked by vertical bars) and a local atomic vibration, respe-
ctively (see text). Inset shows the spectrum at 6 = 0.282 ML where a new loss peak
L3 at 0.622 eV is apparent.

In order to identify the origin of the loss features in Fig. 3, we
have examined the spectral changes as a function of scattering an-
gle and 0 as shown in Fig. 4. In Fig. 4a, the broad loss feature asso-
ciated with Na adsorption is found to consist of two loss peaks L,
and L, as apparently seen by the much reduced L; peak at 4° off
specular scattering geometry at 0 =0.12 ML. Even at specular
geometry, the L; peak weakens its intensity with increasing 6
and becomes almost disappeared at § = 0.24 ML leaving only the
sharp loss peak L, of E; = 243 meV (Fig. 4b). In order to quantify
our HREELS spectra, we have fitted a loss spectrum with two loss
peaks of Gaussian shapes after subtracting the inverse polynomial
background as done earlier [17]. We have shown the fitted spectra
at 0 = 0.068 ML for the stage I in Fig. 4c and 0 = 0.20 ML for the
stage Il in Fig. 4d.

Our fit results show that while L; changes sensitively with 0 as
seen in Fig. 5, L, remains almost unchanged at E; = 243 meV within
the experimental error range. We now discuss where these loss
peaks come from. Since L; has a linewidth greater than 160 meV,
much wider than the typical width of local atomic vibrations
(<25 meV) and its loss energy much higher than the upper limit
of optical phonons of Si crystal (~57 meV), we safely exclude the
possibilities of atomic vibrational origin as well as of phonon
[18]. We also rule out a plasmon excitation due to the small elec-
tron concentration in Na nanoclusters. Since L; remains with Na
adsorption up to 0, before disappearing completely above 0,, we
attribute L; to an interband transition closely related with Na
nanoclusters.

The fact that L; is observed even from the clean surface sug-
gests that it is an interband transition from the surface state S;
just below Fermi level to an empty state in the conduction band
of the clean surface. Although this transition is hidden in the
Drude tail for the clean surface, it begins to show up as the Drude
tail becomes significantly suppressed by Na adsorption (see inset
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Fig. 4. Spectral changes measured at different scattering angles (a) and different
coverages (b). The spectra at two different coverages have been fitted with two
Gaussian peaks to find a broad (L;) and a narrow (L;) loss peaks in (c) and (d).
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Fig. 5. Na coverage dependence of (a) intensity and (b) loss energy as well as the
linewidth of L;. One notices distinct behaviors for the two stages I and II of Na
adsorption.

of Fig. 3). The change of loss energy of L; in Fig. 5 thus reflects the
change of band gap illustrated by the change of linewidth of elas-
tic peak in Fig. 3. Such a change of band gap with 0 may be
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understood by the reduced density of states near Fermi level as
the dangling bonds of Si adatoms are occupied by the charges
from Na adatoms. Since L, decreases but remains finite through-
out the formation of Na nanoclusters, there must be Si dangling
bonds intact from Na adsorption. This is consistent with the
decreasing but finite intensity of L; in Fig. 5a although it becomes
very weak at high coverage near 0,. This feature of L;, however, is
inconsistent with the nearly vanishing S; state at early stage of
adsorption in photoemission data probably due to matrix element
effects causing the photon energy dependence of the signal [13].
Although the opening of band gap with the formation of nano-
clusters have been also reported for aluminum, indium and Na
nanoclusters, such a sensitive change of S; state has not been
quantitatively measured in previous studies [19,13].

Another broad loss feature L; shown in inset of Fig. 3 can only be
ascribed to an interband transition from the N, band observed at en-
ergy 0.5 eV below Fermi energy in earlier photoemission data [13].1t
is noteworthy, however, that no other loss peaks associated with
new surface states N1, N3, and N4 induced by Na up to stage Il in pho-
toemission study [13] appears in our HREELS spectra in Fig. 3. This
might reflect the matrix element effect or non-dipolar electrons
scattering for the interband transitions involving the new states.
As 0 exceeds 0,, the Na nanoclusters begin to decay as seen in STM
image of Fig. 1d for 6 = 0.33 ML. The surface becomes more semi-
conducting with increasing 0 until it shows a band gap of 1.10 eV
with loss peaks Ly, L,, and Lz completely quenched as reported ear-
lier [14]. Further dose of Na makes the surface metallic again by the
Na overlayer as seen by the reappearance of a Drude tail.

As discussed below, the presence of L, in Fig. 3 provides an
important clue that the Na nanoclusters has an atomic structure
suggested earlier by Wu et al. sketched in Fig. 6. Since L, has a loss
energy E; = 243 meV much higher than the maximum phonon en-
ergy of the surface together with a narrow linewidth of 32 meV, it
should represent one of dipole-active atomic vibrational modes
rather than an interband transition. Apparently the same peak P1
has mistakenly identified as an interband transition probably due
to the relatively poor resolution obtained at specular direction in
previous work [14]. Furthermore since L, rapidly disappears with
the decay of Na nanoclusters above 6,, L, must be associated clo-
sely with a local atomic vibration of Na nanoclusters.
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Fig. 6. Atomic arrangement of a Na nanocluster proposed by Wu et al. (Ref. [7]).
The Na nanocluster consists of six Na adatoms (orange spheres) surrounding the
central Si trimer (blue spheres) shifted inward by Na adsorption. Note that three Na
adatom occupy the tilted on-top sites (T;) above Si rest atoms (red spheres) while
another three the slightly shifted hollow sites (H3). Na-Si bondings are drawn by
purple bars. (For interpretation of the references in color in this figure legend, the
reader is referred to the web version of this article).

The proposed atomic model by Wu et al. in Fig. 6 shows that a
Na nanocluster consist of six Na atoms surrounding the central Si
trimer. One may think of several atomic vibrations from this struc-
tural model including the Si-Si vibrations of the trimer and Na-Si
vibrations. L, is not likely to come from the Si trimer since there
are three normal modes of vibration for a equilateral triangular
structure with lowest energy of about 22 meV for a Si trimer
[16]. One then notices that there are two different Na-Si bondings
with Na occupying the Hj sites slightly off from the three-fold hol-
low sites H; and the slightly tilted on-top sites T; above Si rest
atoms. We also remind that local vibrational frequency tends to
decrease with increasing coordination number as seen from the
vibrational energies of 217, 165, and 77 meV for hydrogen atom
occupying the on-top, bridge, and hollow sites, respectively [20].
Since the stretching mode of H-Si vibration adsorbed at on-top site
has a vibrational energy of 250 meV [21], it becomes reasonable to
assign L, as a stretching mode of Na-Si vibration with Na sitting at
the tilted on-top sites (T;) in Fig. 6. We also rule out the possible
Si-0 vibration of energy 140 meV for L, due to the oxygen contam-
ination of the surface [22] although alkali metals are known to pro-
mote oxidation of Si surface [23].

It might be instructive to think why more massive Na-Si
stretching mode has about the same vibrational energy
(240 meV) with that of H-Si stretching mode. Considering the dif-
ferent reduced masses of the two bondings it may simply implicate
that the Na-Si bonding of a Na nanocluster is twelve times stron-
ger than the H-Si bonding, which is the ratio of reduced masses of
the two bondings. Such a strong Na-Si bonding may the reason
why we find dents at the places where Na atoms were removed
by STM tip [24]. The somewhat high vibrational energy of L, may
also reflect the meta-stable nature of a Na nanocluster at RT since
the ground state of the Na adsorbed Si(111) surface with similar
Na coverage exhibits a unique 3 x 1 structure typical of group I
elements [25].

In summary, three characteristic loss peaks L;, L,, and L; ob-
served in our HREELS spectra obtained from the Na adsorbed
Si(111) surface at RT are ascribed to an interband transition, a local
Na-Si atomic vibrational mode, and another interband transition
from N, state unique only to the Na clusters. The spectral behavior
of L, associated with interband transition reveals the gradual open-
ing of band gap with Na adsorption by filling the dangling bonds of
S, surface state near Fermi level. Such interpretation is qualita-
tively consistent with the spectral changes of surface states (S;
and S3) observed in photoemission study considering the much
sensitive probing ability of HREELS. The loss peak representing
the Na-Si stretching mode suggests that Na atoms occupy slightly
tilted on-top sites above Si rest atoms, which is the only sites that
produces a single atomic vibrational mode as observed. This ex-
plains why S, state stemming from Si rest atoms quickly vanishes
with Na adsorption in previous photoemission study. We further
show that an interband transition from the Na cluster-induced
electronic state N is, although very weak, observed in this study.
Our HREELS observations appear to be consistent with spectral
behaviors of surface states in photoemission upon adsorption of
Na and also confirm the structural model proposed earlier.
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