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Density functional theory (DFT) with LDA and GGA have been employed to study the interface and thin
film properties of NaCl on a Ge(0 0 1) surface. The atomic and electronic structures of thin NaCl films from
one to ten monolayers were analyzed. The layer adsorption energies show that a quasi-crystalline (0 0 1)
fcc NaCl film is built up via a layer-by-layer growth mode with NaCl thickness above 2 ML. Simulated STM
images show a well-resolved (1 � 1) NaCl atomic structure for sample bias voltage Vs < �2.5 V and the
bright protrusions should be assigned to the Cl� ions of the NaCl film. The Ge substrate dimer is reserved
and buckled like a clean Ge(0 0 1)-p(2 � 2) surface as the result of weak interface interaction between the
dangling bonds coming from valence p states of the Ge substrate and the 3p states of the interfacial Cl�

ion. These results are consistent with the experiments of STM, LEED and EELS.
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The nature of the solid–solid interface between very dissimilar
materials (heterointerface) has become a subject of special interest
in condensed matter physics, since novel atomic and electronic
structures appear at the interface. Growth of ultrathin epitaxial
insulating film and the possibilities to structure these films using
a self-organized process is highly important. On both semiconduc-
tors and metals, such layers will be needed to separate conducting
material in the ultra-small electronic devices of the future. In addi-
tion, alkali halides are often regarded as the model structure for
both testing experimental methodologies and validating new the-
ories. Thus, thin alkali halide films on semiconductors [1–18] (e.g.
KCl/Si [2], CaF2/Si [3–5], NaCl/Ge [6–13], etc.) or on metals [14–18]
(e.g. NaCl/Ag [14], KCl/Cu [15], KCl/Ag [16], LiCl/Cu [17], NaCl/Cu
[17], NaCl/Al [18], etc.) have been regaining technological interest
recently, as they are relevant for both their electronic and catalytic
properties. The interesting problems include growth mechanics,
atomic and electronic structures and interface states. It also seems
to affect surface color center generation [19].

Thin NaCl films can be grown epitaxially on Ge(0 0 1) with a
high degree of quality under appropriate conditions [6–13] due
to the small mismatch of only 0.5% of the NaCl (5.63 Å) and Ge
(5.66 Å) [20] lattice constants. Therefore, NaCl/Ge(0 0 1) is an ideal
candidate for studying the mechanisms of ionic/covalent hetero-
epitaxy. A wide range of experimental studies [6–13] of NaCl on
ll rights reserved.
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Ge(0 0 1) have been carried out. The remarkable and unique
growth mode (‘carpet mode’) is suggested for NaCl film of 3–8 dou-
ble layers of thickness by high-resolution low-energy electron
diffraction (LEED) studies [10]. Experimental results also suggest
that the subsequent growth of NaCl on the modified surface occurs
through the formation of islands with the thickness of a triple-
layer, which is filled in until the triple-layer is complete [6]. A
well-resolved square lattice with a lattice constant of 4.0 Å STM
image is observed, and Glöckler et al. suggested that only one type
of ion (Na+ or Cl�) of the NaCl(0 0 1) plane is imaged as white pro-
trusions of STM [12]. On the other hand, the NaCl–Ge interface
should play an important role in the growth mode, but only a
few experiments have studied the properties of buried interfaces
[8,11,13]. This is due to the instability of the surface of alkali ha-
lides during electron irradiation. Lucas et al. found that the
c(4 � 2) surface reconstruction, the characteristic of clean
Ge(0 0 1) at low temperatures, is suppressed immediately upon
deposition of NaCl [6]. However, the (2 � 1) symmetry of the sur-
face unit cell is preserved, even after 6 monolayers (ML) of NaCl
have been grown. Zielasek et al. studied the electronic states lo-
cated at the NaCl–Ge(0 0 1) interface by electron energy loss spec-
troscopy (EELS), and provided evidence that the dimerization of
the Ge(0 0 1) surface is not removed after NaCl deposition [13].

Several problems concerning the structural and electronic prop-
erties of this system such as atomic adsorption sites, charge trans-
fer of interfaces, and the nature of the interface are under debate.
Until now, the theoretical models lack a complete description of
the epitaxial growth mechanism. In this paper the growth mode
of NaCl films on a Ge(0 0 1) surface with thicknesses of up to
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10 ML was studied according to density functional theory (DFT)
within local-density approximation (LDA) and generalized gradient
approximation (GGA), respectively. The atomic and electronic
structures of the NaCl–Ge interface are also presented. The results
of the layer adsorption energies suggest a layer-by-layer growth
mode beyond two NaCl monolayers. A quasi-crystalline (0 0 1)
fcc NaCl film is constructed with a well-resolved (1 � 1) filled-state
simulated STM image as sample bias voltage Vs 6 �2.5 V. Besides,
the Ge substrate dimer is reserved and buckled like a clean
Ge(0 0 1)-p(2 � 2) surface. These results are consistent with the
experimental observations. In the band structure calculation, the
electronic states located at the interface of NaCl/Ge were clearly
observed as the result of coupling the dangling bonds coming from
valence p states of the Ge substrate and the 3p states of the inter-
facial Cl� ion. However, the coupling strength of the interface
states is weak, so the growth mode of the NaCl layer in a (1 � 1)
registry is not affected after 2 ML NaCl deposition. The surface
states of Ge providing the band gap states for the wide band gap
of alkali halide are found to be similar to the metal induced gap
states (MIGS) of insulator/metal interfaces [16].
2. Method

The calculations of total energy were performed using VASP
code [21–23] within LDA/GGA approximation of DFT. The Ceper-
ley–Alder exchange-correlation function [24] as parameterized
by Perdew and Zunger [25] for LDA and the Perdew–Burke–Ernzer-
hof (PBE) exchange-correlation function [26–28] for GGA were
adopted, respectively. A repeated-slab supercell model was em-
ployed. Each slab includes ten atomic layers of Ge and the adlayers
of Na and Cl; H atoms were attached to the bottom-layer Ge atoms
to saturate their dangling bonds. The heights of the supercell in the
[0 0 1] direction were fixed at 60 Å, which was sufficiently large to
prevent coupling between the slabs, even for the Na, Cl and H ad-
sorbed on both Ge surfaces. The wave functions were expanded
using a plane-wave basis with cutoff energy of 25.72 Ry (350 eV)
and a larger cutoff energy (500 eV) to test coverage. The elec-
tron-ion interaction pseudopotentials supported by VASP were
specified using the projector-augmented wave (PAW) method
[29] in which the 2p and 3s electrons of the Na atom, the 3s and
3p electrons of the Cl atom, and the 3d, 4s and 4p electrons of
the Ge atom are considered as valence. The calculated lattice
parameter of bulk Ge was determined as 5.621 Å for LDA and
5.753 Å for GGA which have a 0.6% and 1.6% error when compared
with the experimentally determined value, 5.658 Å, respectively.
The GGA result is larger than the experimental one due to the
understanding within the DFT–GGA treatment. An 8 � 8 (4 � 4) k
Monkhorst and Pack mesh, equivalent to 32 (8) irreducible k
points, was used to sample the surface Brillouin zone of a 2 � 2
(4 � 4) unit cell. By fixing the bottom double Ge and H layers,
the structure was optimized until the residual force acting on each
atom was less than 0.01 eV/Å.
Fig. 1. Top view of three atomic structures, (a) A1, (b) A2 and (c) A3 for the
Ge(0 0 1) surface covered with 1 ML of NaCl. The top and side views of the A1
structure are also shown in (a). The VB, B, C, P, S and T are denoted as the Valley
bridge, bridge, cave, pedestal, shallow sites and top of dimer, respectively. The
green, violet and silver solid spheres represent the Cl, Na and Ge atoms,
respectively. The dark colored spheres represent the deeper atoms from the
surface. Some bond lengths and the layer distances for LDA are displayed in (a). The
unit of length is angstrom. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. The clean Ge(0 0 1) surface

The clean Ge(0 0 1) surface consists of buckled dimers, and its
buckling orientation alternates along the dimer-row direction
(perpendicular to the dimer-axis) like a clean Si(0 0 1) surface.
Two kinds of arrangements of the buckled dimers are known to
be stable on the surface. One is the c(4 � 2) structure and the other
is p(2 � 2). The neighboring dimer rows in the p(2 � 2) structure
are buckled in phase while the c(4 � 2) structure has out of phase
buckling. We found that the c(4 � 2) structure is slightly more sta-
ble than the p(2 � 2) structure by 4.4 meV/dimer for LDA and
42.4 meV/dimer for GGA. The former is consistent with the find-
ings of Yoshimoto et al. [30]. Because the energy difference is so
small, an order-disorder phase transition of the buckling orienta-
tion occurs around 200 K [31] and a phase transition by carrier
injection using STM [32,33] as Si(0 0 1) surface [34] was observed.
Above 200 K, the buckling orientation changes so rapidly that the
observed structure by STM is (2x1). The calculated dimer length
of the c(4 � 2) structure is 2.51 Å/2.57 Å with a buckling angle of
19.8�/19.5� for LDA/GGA, which is slightly different from the
experimental results, 2.46 Å and 17.4� [35].

3.2. 1 ML NaCl on Ge(0 0 1)

Because the p(2 � 2) and c(4 � 2) structures of a clean Ge(0 0 1)
surface are nearly degenerate in energy, the NaCl was deposited
separately on those two Ge structure surfaces to study the opti-
mized NaCl/Ge(0 0 1) reconstruction structure. The surface struc-
tures of one monolayer of NaCl deposited on clean Ge-p(2 � 2)
surfaces are shown in Fig. 1a and b, respectively, and that on
Ge-c(4 � 2) surface is shown in Fig. 1c. The most stable optimized
NaCl reconstruction is a (2 � 2) structure as shown in Fig. 1a (de-
noted as A1). This reconstruction structure is more stable than
the other two surface structures, (2 � 2) and c(4 � 2) (denoted as
A2 and A3) by 270 and 273 meV per 2 � 2 supercell for LDA,
respectively, which are shown in Fig. 1b and c. For the 2 � 2 super-
structure of the A1 structure, two Cl atoms [Cl(1)] reside on the top
(T) of the dimer down Ge atom, and the other two Cl atoms [Cl(2)]
abide between the T and Valley bridge (VB) sites. Each Cl(2) assem-
bles the surrounding three Na ions and constitutes an Na3Cl trian-
gular-cluster. One of three Na+ ions, Na(1), is near the pedestal (P)
site and the other two, Na(2) and Na(3), lie between the cave (C)
and VB sites. The corresponding positions of the T, VB, P, C and
bridge (B) sites are shown in Fig. 1b. The Na3Cl triangular clusters
are lined along the dimer-row direction, and form a double-layer-
like structure as displayed in the side view of Fig. 1a. Cl(1) and



Fig. 2. The (a) top and (b) side views of the optimal structure of 2 ML NaCl/
Ge(0 0 1). Some bond lengths and the layer distances for LDA are displayed. The unit
of length is angstrom.
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Cl(2) have a large height difference of 1.617 Å, while the Na(1)
and Na(2) ions have a small height difference of 0.180 Å for
LDA. The inter-atomic distances of Na(2)–Cl(2) and Ge–Cl(1) are
2.575 ± 0.011 and 2.459 ± 0.001 Å, respectively. The corresponding
atomic distances for GGA are also listed in Table 1. The Na atoms of
the A2 and A3 structures are located at both VB and P sites which
are the two most stable sites for sub-monolayer Na adsorbed on a
clean Ge(0 0 1) surface. Chlorine atoms are located at the top of di-
mers and arrange as p(2 � 2) and c(4 � 2) structures, A2 and A3,
respectively, depending on the buckling mode of Ge dimers. Even
though the c(4 � 2) structure is more stable than the p(2 � 2)
structure for a clean Ge(0 0 1) surface, the energy of the A2 struc-
ture is lower than that of the A3 structure as a result of short
neighboring chlorine’s distances in the A3 structure. These results
show that the phase transformation of the Ge substrate from
c(4 � 2) to p(2 � 2) could be induced by the NaCl deposition and
also imply that the adsorbate–adsorbate interactions could be
the key factor to determine the system’s energy, rather than the
adsorbate–substrate interaction.

For the optimal A1 structure, the dimers also display a p(2 � 2)
structure, but the bond length extends to 2.54 Å/2.59 Å with a
buckling angle of 13.1�/12.8� for LDA/GGA; i.e., the Ge atoms of
each dimer have a height difference of 0.59 Å which is smaller than
that of a clean Ge(0 0 1) surface. It is indicated that the Ge dimer
rows survive after adsorption of NaCl, whereas the c(4 � 2) struc-
ture is suppressed immediately upon NaCl deposition. Therefore,
a modified (2 � 1) reconstruction at the interface was observed
as shown in the X-ray scattering data [6] resulting from the ther-
mal flipping.

3.3. 2 ML NaCl on Ge(0 0 1)

The optimized atomic arrangements ultimately display the
same 2 � 2 double-layer NaCl reconstruction as shown in Fig. 2
no matter where the second NaCl monolayer was deposited on
the A1 or A2 structures. This optimized atomic structure is differ-
ent from the model suggested by Lucas et al. [6] in which the Ge
remains and sodium is adsorbed in the valley site. Notably, the
optimized atomic positions for Na and Cl ions are significantly dif-
ferent from those of 1 ML NaCl/Ge(0 0 1). The Na ions are located
around the shallow-sites (S, or inter-dimer-bridge) on the first
NaCl layer with displacement by Dy and Dx as listed in Table 1
along [1 �1 0] and [1 1 0] directions. The Cl ions are located around
the C and B sites and shift the same order of magnitude of displace-
ment as that of the Na ions. The Na+ and Cl� alternatively arrange
Table 1
The relative characteristic parameters of clean Ge(0 0 1), 1 ML and 2 ML NaCl/Ge(0 0 1) su
atomic distances for Cl(1)–Ge, Cl(2)–Ge, Na(1)–Ge and Na(2)–Cl(2); hNa(2)–Cl(2), hNa(1)–Na(2)

along the [0 0 1] direction. Dx and Dy are the Na or Cl position shifts of the NaCl layer rela
Fig. 2. Na–Cl|\[0 0 1] and Na–Cl|//[0 0 1] are the intra-layer and inter-layer Na–Cl distances,

Clean Ge(0 0 1) 1 ML N

LDA GGA LDA

a0 (Å) 5.621 5.753
Dimer length (Å) 2.513 2.571 2.541
Buckling angle 19.8� 19.5� 13.1�
dCl(1)–Ge (Å) 2.459
dCl(2)–Ge (Å) 3.828
dNa(1)–Ge (Å) 3.036
dNa(2)–Cl(2) (Å) 2.575
hNa(2)–Cl(2) (Å) 1.008
hNa(1)–Na(2) (Å) 0.180
hCl(1)–Cl(2) (Å) 1.617
Dx (a0)
Dy (a0)
Na–Cl|\[0 0 1] (Å)
Na–Cl|//[0 0 1] (Å)
in [1 0 0], [0 1 0] and [0 0 1]; thus, an [0 0 1] fcc NaCl double-layer
structure is formed. The intra-layer Na–Cl distance is 2.813 Å for
LDA (2.879 Å for GGA), which is in agreement with the nearest
neighbor separation of an ideal NaCl crystal, 2.820 Å, and the
experimental cubic lattice constant of a = 5.65 Å [20]. The inter-
layer Na–Cl distance along the [0 0 1] direction has small fluctua-
tions within the range of 2.67–2.70 Å for LDA as shown in
Fig. 2b, which is smaller than that of the intra-layer. Within the in-
tra-layer, the Na and Cl ions have small height differences Dh,
Dh ¼ hNa � hCl, �0.117 Å for the top layer and +0.114 Å for the bot-
tom layer. The interfacial chlorine ions are always outward; there-
fore, surface polarization occurs on both interfaces of the NaCl thin
film.

The nearest inter-atomic distances of Cl(1)–Ge and Na(1)–Ge
are 3.409 Å and 3.152 Å for LDA and 3.826 Å and 3.644 Å for
GGA, respectively, which are larger than those of 1ML NaCl/
Ge(0 0 1). This implies that the interaction between adsorbate
and substrate weakens with an increase in the coverage of NaCl
(HNaCl) on the growth of NaCl film. On the other hand, the Ge di-
mer layer is reserved as a 2 � 2 structure with a length of 2.53 Å
and 18.2� buckling for LDA and 2.57 Å and 19.2� for GGA, respec-
tively; these parameters are close to those of the clean Ge(0 0 1)
surface. Therefore, the bonding of the interface between the NaCl
layer and the Ge(0 0 1) surface should be rather weak for the
2 ML NaCl/Ge(0 0 1) surface. It is noted that there are extraordinary
discrepancies (about 10%) between LDA and GGA (PBE and PW91)
for the Cl–Ge and Na–Ge distances, which remain even with a stric-
ter convergence criterion. The magnitudes of the discrepancy
rfaces within LDA and GGA. Here, dCl(1)–Ge, dCl(2)–Ge, dNa(1)–Ge, and dNa(2)–Cl(2) are the
and hCl(1)–Cl(2) are the height distances for Na(2)–Cl(2), Na(1)–Na(2) and Cl(1)–Cl(2)
tive to the Ge substrate along [1 1 0] and [�1 1 0] directions, respectively, as shown in

respectively.

aCl/Ge(0 0 1) 2 ML NaCl/Ge(0 0 1)

GGA LDA GGA

2.594 2.527 2.571
12.7� 18.2� 19.2�
2.575 3.409 3.826
4.104 3.544 4.019
3.075 3.152 3.644
2.624
0.988
0.404
1.882

0.011 0.026
0.062 0.030
2.813 2.879
2.67–2.70 2.77–2.80
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depend on the use of exchange-correlation functions as the layer
adsorption energies which are shown in Fig. 3.

3.4. HNaCl P 3 ML

Because of weak coupling between the substrate and the NaCl
layer, more NaCl can be deposited layer by layer without much
change to the Ge–NaCl interface. The NaCl layers up to 10 ML of
thickness have been studied in this work. The NaCl film is flat ex-
cept for small height fluctuations between the Na+ and Cl� ions at
the film/vacuum and film/substrate interfaces, similar to the case
of 2ML NaCl/Ge. The interfacial Cl� ions are always further out than
the Na+ ions, no matter whether they are on the vacuum side or the
substrate side. For LDA, the calculated dimer length of 2.53 Å with
a buckling angle of 17.9� is retained with the thickness of NaCl up
to 10 ML. These values are compatible with those of HNaCl = 2 ML,
implying that the grown NaCl film on a Ge(0 0 1) surface beyond
2 ML resembles that of NaCl crystal. This is consistent with the
experimental results which show the sharpest LEED patterns when
the NaCl films grow on Ge(0 0 1) [7], and a modified (2 � 1) recon-
struction at the interface remains [6].

4. Discussion

To find a plausible growth model of NaCl on a Ge(0 0 1) surface,
the layer adsorption energies per adatom pair of Na and Cl, DEads(n)
were calculated as shown in Fig. 3 for LDA and GGA, which are the
released energies per Na and Cl atoms adsorbed on an (n � 1) ML
NaCl/Ge(0 0 1) surface, and are defined as

DEadsðnÞ ¼ ½ENaCl=Geðn� 1Þ þ ENa þ ECl � ENaCl=GeðnÞ�;

where ENaCl/Ge(n) is the total energy of n-ML NaCl adsorbed on a
Ge(0 0 1) surface, and n denotes the coverage of NaCl which also
corresponds to the thickness of the NaCl overlayer for n P 1.
ENaCl/Ge(0) corresponds to the clean Ge(0 0 1) surface. ENa and ECl

are the total energies of spin-polarized free Na and Cl atoms, respec-
tively. Fig. 3 shows that the layer adsorption energies strongly de-
pend on the exchange-correlation function, but DEads(n) is almost
independent of the thickness of the NaCl layer when HNaCl > 3 ML,
no matter what kinds of exchange-correlation functions were
adopted. Therefore, NaCl grown on the Ge(0 0 1) surface firstly
builds as a double-layer island (or cluster), then layer by layer for
a coverage of NaCl greater than 3 ML. Our results support the dou-
ble-single-layer growth model as suggested by Refs. [10,12], and
Fig. 3. The layer adsorption energies per 1 � 1 supercell for NaCl adsorbed on a
Ge(0 0 1) surface for LDA and GGA approximations. The Perdew–Burke–Ernzerhof
(PBE) and Perdew–Wang 91 (PW91) exchange-correlation functions for GGA were
adopted, respectively.
also explain the triple-layer growth model of Ref. [6] with an initial
layer thickness of about 8.3 Å (corresponding to 3 ML) under suit-
able evaporation rates, but which were too fast to allow observation
of the initial growth of the double layer thickness island.

In order to estimate the thickness of NaCl layers, the average
layer charge densities along the [0 0 1] direction for various NaCl
coverages and their gradient within LDA are shown in Fig. 4. The
heights of 1 ML and 2 ML NaCl relative to the clean Ge(0 0 1) sur-
face were estimated from the part of the parallel line behavior of
d½lnqðzÞ�=dz, which are 3.650 ± 0.285 Å and 5.843 ± 0.394 Å for
LDA, respectively. Therefore, the lateral height of the first (double
layer) and the second (single) ML of NaCl are considered as 3.650
and 2.193 (=5.843 � 3.650) Å, respectively. These values are in
agreement with the STM results [11] 3.8 ± 0.3 Å for the first (dou-
ble) and 2.0 ± 0.3 Å for the second (single) NaCl layers, and within
the range of reasonable deviations. The deviations could be attrib-
uted to the fact that the tunneling barrier is not only determined
by the vacuum between the tip and the NaCl layer, but also by
the NaCl layer itself. The lateral height of the STM scan could also
be influenced by the sample-tip interaction. In addition, above the
second ML, the height distances between any two nearest neigh-
boring NaCl overlayers are 2.668–2.719 Å, which is consistent with
the experimental observations.

According to the Tersoff–Hamann approximation, the tunneling
current in STM is proportional to the local density of states (LDOS)
near the Fermi level at the position of the tip. To account for the
STM tunneling current, we integrate the LDOS between the sample
bias and the Fermi energy level. The partial density
qSTMðrÞ ¼

R EF
EFþeVs

dE
P

nkjwnkðrÞj
2dðE� enkÞ should reflect the STM

tunneling currents. Fig. 5 shows the simulated filled-state STM
images above the top NaCl layer by 1.5 Å at various sample volt-
ages for 2 ML NaCl/Ge(0 0 1). The images display 1 � 1 images for
Vs 6 �2.5 V, and 2 � 2 images for Vs > �2.0 V. The 1 � 1 image is
consistent with a well-resolved square lattice observation with a
lattice constant of 4.0 Å experimentally at Vs = �2.7 V [12]. It also
reveals that the bright protrusions of the filled-state STM image
at a sample bias of |Vs| P 2.5 V should be assigned to the Cl� ions
of the top NaCl film, and excludes the possibility of coming from
Na+ ions as reported by Ref. [12]. This result was also confirmed
by the band structure calculations in the following discussion.
Fig. 4. (a) The average layer charge densities along the [0 0 1] direction for various
NaCl coverages and (b) their deviations within LDA.
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The valence state of Na is nearly empty to contribute efficiently to
the tunneling current at or near �2.7 V sample voltage. Fig. 5 also
shows that the bright protrusions of LDOS approach to the neigh-
boring dimer up-Ge atoms when the sampling voltage decreases;
then the image of 1 � 1 bright protrusions changes to a 2 � 2
image. In order to explore what kinds of states contribute to these
STM images, the surface band structures were calculated. However,
Fig. 5. The simulated STM images for 2 ML NaCl/Ge(0 0 1) surface above the top
NaCl overlayer by 1.5 Å with different sample bias at (a) �3.0 V, (b) �2.5 V, (c)
�2.0 V and (d) �1.0 V.

Fig. 6. (a) The electronic band structure and (b) LDOS for 10 ML NaCl/Ge(0 0 1) surface su
as in (c). J is defined as the point in the dimer-axis direction and J0 as that in the dimer-row
and Cl are indicated by pink and green solid circles, respectively, and that of the dimer u
The surface S1 and p* bands are indicated. (c) The surface Brillouin zones for the (2
interpretation of the references to colour in this figure legend, the reader is referred to
the intensity of the image at Vs = �1.0 V is weaker by three orders
of magnitude than that at Vs = �3.0 V as shown in Fig. 5.

Fig. 6 shows the electronic band structure and the total density
of states (DOS) around the Fermi energy level for the 10 ML NaCl/
Ge(0 0 1) system. Above the Fermi energy level (EF), the dangling
bond p* state is clear within the gap. It displays a quasi-one-
dimensional behavior with small dispersion along the dimer-axis
direction, CJ, and largely disperses in the dimer-row direction,
CJ0. This is consistent with that of the clean Ge(0 0 1) surface clar-
ified recently both experimentally and theoretically [30,33.36];
therefore, the p* state was hardly influenced when the NaCl was
adsorbed on the Ge(0 0 1) surface. Below the Fermi energy level,
the S1 states couple the dangling-bond valence p states of the Ge
surface and the 3p states of the interfacial Cl� ion in the region
of EF to EF �1.0 eV. The isosurface of charge density distribution
of S1 states with 0.03 e/Å3 are shown in Fig. 7. The charge contours,
in the range of 0.00–0.075 with spacing of 0.0025 e/Å3, on the
planes sliced at the Cl� ion along the dimer-axis and the dimer-
row directions are also shown in Fig. 7a and b, respectively. It is
noted that the charge density distribution of the interface S1 states
rrounding the Fermi level. The axes are defined for the 2 � 2 surface Brillouin zones
direction for the (2 � 2) surface Brillouin zones. The states corresponding to the Na

p-Ge and down-Ge are represented by the full and empty blue circles, respectively.
� 1) (thin lines), p(2 � 2) (dotted lines) and c(4 � 2) (thick lines) surfaces. (For

the web version of this article.)

Fig. 7. The charge density distribution of the interface S1 bands of 10 ML NaCl/
Ge(0 0 1). The isosurface represents 0.03 e/Å3. The charge contour lines, in the range
from 0.00 to 0.075 with spacing of 0.0025 e/Å3, on the slices cut at Cl� ion viewing
along the (a) dimer-axis and (b) the dimer-row directions. The green, violet and
silver solid spheres represent Cl, Na and Ge atoms, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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is indeed localized at the dimer up-Ge atom and the interfacial Cl�

ion. Therefore, the LDOS of the dimer up-Ge atom and the polarized
Cl� ions results in a 2 � 2 simulated STM image as shown in Fig. 5c
and d. The interface states originating from the wave function of
the dimer up-Ge atom penetrating into an insulating side at the al-
kali halide/semiconductor interface is similar to the metal induced
gap states (MIGS) of the insulator/metal interfaces [16]. The adsor-
bate-induced surface states within the forbidden band gap of the
NaCl and KCl are observed by UPS and EELS after water or salicylic
acid adsorption (see Figs. 3–5 of Ref. [8]).

Fig. 6 also shows that the 3s bands of Na (pink solid circles) are
located above the Fermi energy level by 2.91 eV with a maximum
LDOS at 3.29 eV; this demonstrates that the Na+ is a perfect ionic,
and displays a closed shell charge distribution in the NaCl thin film.
In contrast, the density of Cl 3p states distribute below the Fermi
energy level in the energy range of 2.25–4.43 eV at C point. Its cor-
responding LDOS has two main peaks; one is about 2.61 eV and the
other is about 3.90 eV, and the intensity of the latter is about one-
half of the former. Experimentally, EELS occurring at around 2.6 eV
was observed for different thicknesses of the NaCl film on a
Ge(0 0 1) surface [13,19]. This can be attributed to the excitation
of the chlorine 3p states of the NaCl-capped on Ge(0 0 1).

5. Conclusion

The atomic structures, electronic structures and interfacial prop-
erties of thin NaCl films grown on a Ge(0 0 1) surface were studied
by the DFT within LDA and GGA. The layer adsorption energies and
the optimal structures indicate a double-layer growth mode for the
coverage of NaCl less than 1 ML, and a layer-by-layer growth mode
for coverage over 2 ML. This is consistent with the double-single-
layer growth model suggested by experiments [7,12]. A quasi-crys-
talline (0 0 1) fcc NaCl layer is built up when HNaCl P 2 ML. The
clear (1 � 1) simulated filled-state STM images as sample bias volt-
age Vs 6 �2.5 V present the 3p state of Cl� ions of the NaCl overlay-
er, which is consistent with the STM results. The surface S1 states
indicate that a very weak coupling between the interfacial Cl� ions
and the dimer up-Ge atom results in a very weak (2 � 2) filled-state
STM image as Vs � �1.0 V. However, the interfacial Ge atomic layer
reserves its buckling angle with little length dilation after NaCl
adsorption. The adsorbate-adsorbate interaction only strongly
dominates the structure of the NaCl film of less than two monolay-
ers in thickness. The electronic structures of the NaCl/Ge(0 0 1) are
almost the same when the coverages of NaCl are more than 2 ML,
which is consistent with the experimental observations. The photo-
emission spectra of NaCl are indistinguishable from those of thicker
layers once a well ordered two layers of NaCl has grown [8–10].
These calculation results are consistent with the results of LEED,
STM, and EELS experiments [10,12,13].
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