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Interaction between Adatom-Induced Localized States
and a Quasi-Two-Dimensional Electron Gas
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Using angle-resolved photoemission spectroscopy, we investigate changes in the band dispersion of a
free-electron-like surface state of Si�111�-

���
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p
�

���
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p

-Ag, induced by adsorption of submonolayer Au
adatoms. At room temperature, where the adatoms are in a two-dimensional adatom-gas phase, electrons
are transferred from the Au adatoms to the substrate, shifting the surface band downwards and causing it
to deviate from a parabolic dispersion. At 135 K where the Au adatoms are frozen at specific sites of the
substrate, the band splits into two. This band splitting can be explained in terms of hybridization between
the unperturbed surface band and the localized virtual bound states induced by the Au adatoms.
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FIG. 1 (color online). Topographic STM images (31:2�
31:2 nm2) of the

���
3
p

-Ag surface with 0.02 ML of Au adatoms
thereon, taken at (a) RT (Vtip � 1:80 V, I � 0:75 nA) and
(b) 65 K (Vtip � �0:50 V, I � 0:75 nA).
Crystal surfaces have surface electronic states that are
trapped between the surface barrier potential toward a
vacuum on one side and a band gap in the bulk states on
the other side. These states are an empirical realization of a
quasi-two-dimensional electron gas (2DEG), which has
been a very good platform for studying impurity-induced
phenomena. Theory states that any purely attractive poten-
tial always has at least one bound state in two dimensions
[1]. Recently, such bound states localized around adatoms
on metal surfaces have been detected by scanning tunnel-
ing microscopy or spectroscopy (STM or STS), for ex-
ample, in the systems of Cu or Co adatoms on Cu�111� and
Ag or Co on Ag�111� [2,3]. The existence of these bound
states is a direct consequence of the 2D nature of surface
states and the attractive potential induced by the adsorbates
[2]. It has been suggested that a bound state is produced
regardless of the type of adsorbates, and its hybridization
with the surface band modifies the spectroscopic signature
of the bound state [3] as well as the surface-state band
itself. However, this phenomenon has not been demon-
strated yet. Such an interaction between an extended state
and a localized state has been a subject of great interest in
revealing some very general physics applicable to various
phenomena.

The surface of Si�111�-
���
3
p
�

���
3
p

-Ag (hereafter,
���
3
p

-Ag)
has a 2DEG with a nearly free electron surface band that
disperses at the Fermi level (EF) [4]. Deposition of mono-
valent noble (Ag, Cu) or alkali (Na, K, Rb, Cs) atoms on���

3
p

-Ag induces a metallic 2D superstructure with a
������
21
p

�������
21
p

period [5,6]. However, when the adatom coverage is
much less than the saturation coverage, 0.142 monolayer
[ML, where 1 ML equals 7:8� 1014 cm�2, the density of
the topmost Si atoms in the ideal Si�111�1� 1 surface], the
adatoms distribute randomly on

���
3
p

-Ag [7–9], which may
induce a localized state similar to those on the metal
surfaces mentioned above. Thus, a

���
3
p

-Ag system with a
small amount of monovalent adsorbates may be a good
subject for observing the modification of surface states due
to hybridization with localized states.
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It is known, furthermore, that the behavior of monova-
lent adatoms on the

���
3
p

-Ag surface depends on tempera-
ture. Previous STM studies of Ag and Cs adatoms [7,9] and
the present study of Au adatoms [Fig. 1(a)] have shown
that, at room temperature (RT), no adatoms appear in the
STM images because they migrate rapidly on

���
3
p

-Ag and
form a 2D adatom-gas phase. At sufficiently low tempera-
ture (e.g., �65 K) [Fig. 1(b)], the adatoms lose their
diffusion mobility and stably reside at certain sites of the���

3
p

-Ag substrate. This property makes it possible to study
the effect of adatoms on the 2DEG of the

���
3
p

-Ag substrate
by comparing the surface band at different temperatures.

In this Letter, we present angle-resolved photoemission
spectroscopy (ARPES) measurements near EF on

���
3
p

-Ag
with small amounts of Au adatoms deposited thereon. We
show that the surface band has different features at RT and
135 K, due to the different states of the Au adatoms. The
band splits in two at 135 K, while it remains singular at RT.
This splitting can be explained in terms of hybridization
between the unperturbed surface band and the Au adatom-
induced localized states. At RT, on the other hand, the
surface-band dispersion becomes nonparabolic with the
adsorption of Au adatoms, which is shown by k � p per-
3-1 © 2006 The American Physical Society
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turbation theory to be due to hybridization with other
surface states. This is the first observation of modulation
in energy-band dispersion induced by the interaction be-
tween localized states and extended surface states.

The experiments were performed in a UHV chamber
with a base pressure of �1� 10�10 Torr. The

���
3
p

-Ag
sample was produced by depositing 1 ML of Ag onto a
Si�111�-7� 7 clean surface at�520 �C. Au was deposited
onto the

���
3
p

-Ag at RT. The Au coverage was calibrated by
reflection high-energy electron diffraction by making a
sequence of Au=Si�111� phases at optimal coverage [10]:
5� 2 (0.44 ML), �-

���
3
p
�

���
3
p

(2=3 ML), and �-
���
3
p
�

���
3
p

phases (1 ML). In the ARPES measurements, the light
source was He I with a photon energy of 21.2 eV and the
analyzer was a Scienta SES-100 with an energy resolution
of �35 meV.

Figure 2 shows the ARPES results taken at (a)–(d) RT
and (e)–(h) 135 K for various amounts of Au deposition on���

3
p

-Ag. The most significant feature is that the 2DEG band
at RT splits in two bands at 135 K. Before discussing this
main finding, we consider two important and useful issues
that arise from the results at RT.

The first issue is the downward shift of the 2DEG band
towards higher binding energies as the Au coverage in-
creases. This can be explained by electron transfer from the
Au adatoms to the

���
3
p

-Ag substrate, as in the case of Ag
adsorption [11]. The 2DEG Fermi wave vectors kF taken
from Figs. 2(a)–2(c) are 0.066, 0.093, and 0:113 �A�1 for
FIG. 2 (color online). Band dispersion of
���
3
p

-Ag at (a)–(d) RT
(a),(e) 0.01 ML, (b),(f) 0.02 ML, and (c),(g) 0.03 ML. The origin o
Brillouin zone (k � 1:09 �A�1 in the direction 	10�1
). The solid lin
Panels (d) and (h) show parts of the raw spectra of (b) and (f), respec
the hybridization between a conduction band and a localized virtua
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Au coverages of 0.01, 0.02, and 0.03 ML, respectively.
Thus, since the surface band is known to be isotropic [4],
the number of electrons in this band can be calculated to be
k2
F=2� � 6:93� 1016 e=m2, 1:38� 1017 e=m2, and

2:03� 1017 e=m2, corresponding to Au coverages of
0.01, 0.02, and 0.03 ML, respectively. This indicates that
each Au adatom transfers one electron to the 2DEG band,
becoming a cation on the

���
3
p

-Ag surface and producing an
attractive potential for electrons around each Au adatom.

Besides the 2DEG band (usually called the S1 band), the���
3
p

-Ag surface has two other surface bands, S2 and S3, at
binding energies around 1 eV (not shown in Fig. 2) [5,6]. It
is worth noting that the S2 and S3 bands exhibit no energy
shift with the adsorption of Au adatoms [12], indicating
that the rigid-band model for the

���
3
p

-Ag surface breaks
down [13].

The second important issue is that the dispersion of the
S1 band deviates from a parabola as the band shifts down-
wards. This is because the interaction between the S2 and
S3 states and the S1 state increases as the separation
between them decreases due to the downward shift of the
S1 state. In this case the simple nearly free electron model
is not appropriate and we have to use another approxima-
tion to depict the S1 band. A first-principles calculation and
STS measurements show that the S1 state derives mainly
from the Ag px and py orbitals, while the S2 and S3 states
consist mainly of Ag 5s orbitals with some Ag 5p contri-
butions [14]. Thus, k � p perturbation theory with the Kane
and (e)–(h) 135 K for Au adsorption at various coverages:
f the wave vector is the second �� point of the

���
3
p
�

���
3
p

surface
es are fitted results by Eq. (1) [(a)–(c)] and Eq. (3) [(e)–(g)].
tively. The inset between (e) and (f) is a schematic illustration of
l bound state.
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model, which explains the bands of semiconductors con-
sisting of s and p orbitals, may be a good method to de-
scribe these surface states approximately [15]. Following
the Kane model, without the spin-orbit interaction for
simplicity, we use the s-like and degenerate p-like orbital
wave functions, us�r� and uj�r� (j � x; y), as the unper-
turbed basis set, and obtain the dispersion formula for the
S1 band by a degenerate perturbation theory calculation:

E�kk� � Es �
Eg
2
�

@
2k2
k

2m0
�

��Eg
2

�
2
�
Eg@

2k2
k

2m�

�
1=2
; (1)

where Eg � Es � Ep, with Es and Ep the unperturbed
energies of the s and p orbitals at k � 0, respectively.
m0 is the free electron mass and m� � @

2Eg=2jPj2, with
P � ��i@=m0�husjp̂jjuji.

For a pristine
���
3
p

-Ag surface, the energy separation Eg
between the S1 band and the S2 and S3 bands is large
enough that Eq. (1) can be simplified to the nearly free
electron model. However, when the S1 band shifts down-
wards, the dispersion E�kk� becomes similar to Eg as kk
increases from ��. Hence the simplification is no longer
valid. Instead we use Eq. (1) to reproduce the shifted S1

band, as shown by the solid lines in Figs. 2(a)–2(c). The
corresponding fitting parameters for each Au coverage are
listed in Table I. These values are very credible, as we see
that Es indicates exactly the bottom of the S1 band and the
trends of Eg and m� with Au coverage agree well with the
observations.

We now return to discussing the splitting of the S1 band
at 135 K. The other bands, S2 and S3, show no change at
135 K. This splitting of the S1 band is not only caused by
Au adatoms but also by other monovalent metals, such as
Ag and Cs deposited on the

���
3
p

-Ag at 135 K, as shown in
Fig. 3. Compared with the Au case, the Ag and Cs adatoms
are not as stable on

���
3
p

-Ag at 135 K and continue to
migrate with a low mobility, which may be the reason
why the splitting in Fig. 3 is not as clear as that in
Fig. 2(h). Figure 3(a) was obtained for Ag adatoms depos-
ited on the

���
3
p

-Ag surface after it had been cooled to 135 K,
for which 2D clusters of Ag adatoms formed on the sur-
face, as shown by STM images [9]. However, when the
sample was cooled down to 135 K after Ag was deposited
on the surface at RT, the S1 band did not split (not shown
here) because the Ag adatoms aggregated into 3D micro-
crystals after deposition at RT [11] and the adatoms were
not observed by STM at 135 K. This provides clear evi-
TABLE I. Parameters for Eqs. (1) and (3) used to fit the bands
in Fig. 2 at RT and 135 K, respectively.

Coverage m�=m0 Es (eV) Eg (eV) Ea (eV) V (eV)

0.01 ML 0.064(5) �0:22�3� 0.90(4) �0:21�3� 0.11(2)
0.02 ML 0.054(4) �0:36�1� 0.35(5) �0:26�5� 0.13(1)
0.03 ML 0.023(3) �0:48�1� 0.10(2) �0:19�3� 0.12(3)
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dence that the band splitting is due to randomly dispersed
adatoms that have been frozen at well-defined lattice sites
and present a significant perturbation of the potential land-
scape of the bare

���
3
p

-Ag surface.
Recently, Crain et al. have also reported the opening of a

similar gap in the S1 band of
���
3
p

-Ag with a small amount of
Ag evaporated at low temperature [13]. However, they
mainly concentrated on electron doping and made only a
qualitative discussion of the gap, attributing it to a defect
state associated with the Ag impurities. We present here a
quantitative analysis of the band splitting to clarify the
interpretation.

In a similar way to metal adatoms on a metal surface
[2,3] or impurities in space charge layers of semiconduc-
tors [16], Au adatoms on a

���
3
p

-Ag surface may induce
bound states around them. The wave functions of these
states overlap with each other at high enough concentra-
tions and produce impurity bands whose dispersion is
usually very small. In the case of Na� impurities in a
semiconductor inversion layer, as a comparison, the Na
concentration that gives rise to such an impurity band
varies between about 1011 and 2� 1012 cm�2 [16]. Since
in the present case the Au coverage is about 1 to 3 times
7:8� 1012 cm�2, it is not surprising that such an impurity-
like band results from the Au adatom-induced states. When
the adatom-induced band crosses the 2DEG band of the���

3
p

-Ag substrate, the adatom-induced band becomes a
resonant state and hybridizes with the 2DEG band, result-
ing in the splitting of the 2DEG band.

At RT, however, because the Au adatoms migrate freely
on the surface, it is believed that the adsorption site of each
adatom is different. Accordingly, the adatom-induced
states may have different energy levels and wave function
symmetry, which prevents the formation of an impuritylike
band and the hybridization with the 2DEG band.
Therefore, no band splitting is observed in Figs. 2(a)–2(d).

Because at 135 K, the Au adatoms are located on
equivalent sites on the

���
3
p

-Ag surface, the Au adatom
(d)
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FIG. 3 (color online). ARPES results for the
���
3
p

-Ag surface
with small amounts (�0:03 ML) of (a) Ag and (b) Cs adatoms
deposited at 135 K. The measurement conditions are the same as
for the Au adatoms.
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configuration is a subset of the
���
3
p

-Ag crystalline configu-
ration. Therefore, it is possible to include the Au adatom-
induced resonant states in the same momentum set as that
of the 2DEG band. Assuming the energy level of the
resonant state to be Ea relative to EF, the Hamiltonian
for this 2D system would be

H �
X
k�

	"kc
y
k�ck� � Eaa

y
k�ak�

� V�ayk�ck� � c
y
k�ak��
: (2)

The first term describes the unperturbed 2DEG band "k
with wave vector k and spin�. The second term represents
the electrons in the adatom-induced band at Ea. The third
term accounts for the hybridization between these two
bands, with energy V, set to be independent of k for
simplicity. By diagonalizing this Hamiltonian, the hybri-
dized energy dispersion is obtained to be

E �
1

2
�"k � Ea� 

1

2

��������������������������������������
�"k � Ea�2 � 4V2

q
: (3)

The unperturbed 2DEG band "k can be obtained from
Figs. 2(a)–2(c) at RT where the hybridization effect is not
yet seen, i.e., "k � E�kk�. Then, using the parameters
given in Table I for the corresponding Au coverage,
Eq. (1) can be substituted into Eq. (3), which can then be
used to fit the ARPES spectra taken at 135 K in Figs. 2(e)–
2(g). The results are shown by solid lines that nicely
reproduce the experimental measurements. The values of
Ea and V used in the fit are listed in Table I. A general
hybridization effect is schematically illustrated in the inset
between Figs. 2(e) and 2(f). The conduction band �k and
the localized virtual bound state Ea before hybridization
are shown by dashed lines. After hybridization, the primary
band �k is split by Ea into two bands, E� and E�. It is
noted that at large wave vectors the localized state Ea
makes a dominant contribution to the band E�. This is
why the lower split band in our spectra becomes invisible
at large wave vectors; the signal from the localized states
become too weak.

We can see in Table I that both Ea and V are independent
of the Au coverage within experimental uncertainty; i.e.,
the position of the impurity band is �0:22 eV and the
hybridization energy is �0:11 eV. This is not unexpected
considering that they are mainly determined by the attrac-
tive potential around the individual Au adatoms to the
2DEG electrons. An intuitive interpretation of the gap
opening is that delocalized electrons at the energy level
Ea are trapped in virtual bound states around the adatoms.
In other words, Ea and V denote the energy level and size
of the gap, respectively. On the other hand, it is known
that at a Au coverage of 0.14 ML, the Au adatoms arrange
themselves periodically to form a Si�111�

������
21
p
�������

21
p

-�Ag�Au� superstructure, and its 2DEG band has a
gap opening at the

������
21
p

�
������
21
p

Brillouin zone boundary
03680
[17]. Interestingly, the energy gap at the zone boundary and
that of the adatom-induced resonant state described here
occur at a similar energy level (�0:25 eV and�0:22 below
the Fermi level, respectively), the size of the gap in the
present study (�110 meV) is around twice that of the gap
at the zone boundary (55 meV [17]). This implies that there
is a strong relation between the resonant state and the
2DEG band of the

������
21
p

�
������
21
p

-�Ag� Au� superstructure,
though further studies are necessary to determine the tran-
sition from the impurity state to the continuum state.

To summarize, monovalent metal atoms adsorbed on a���
3
p

-Ag surface produce adatom-induced bound states that
overlap, forming an impuritylike band at low temperature.
This band hybridizes with the 2DEG band of the substrate,
splitting it in two. To our knowledge, this is the first
experimental evidence directly demonstrating such an in-
teraction of bound electrons with delocalized electrons,
resulting in a gap opening in a 2DEG band.
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