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Moiré superlattice and two-dimensional free-electron-like states of indium
triple-layer structure on Si(111)

Shinichiro Hatta ,* Kenta Kuroishi ,† Keisuke Yukawa, Tomoka Murata,
Hiroshi Okuyama ,‡ and Tetsuya Aruga

Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

(Received 2 June 2023; revised 10 July 2023; accepted 13 July 2023; published 31 July 2023)

We studied the growth of an indium triple-atomic-layer film and the two-dimensional free-electron-like elec-
tronic states on Si(111) by low-energy electron diffraction (LEED), scanning tunneling microscopy (STM), and
angle-resolved photoelectron spectroscopy (ARPES). By depositing In on the In/Si(111)-

√
7 × √

3-rect surface
below 100 K, followed by brief postannealing up to 140 K, we successfully obtained well-crystalline films
exhibiting sharp superstructure LEED spots. We revealed an (11 × 11) superlattice of the triple-layer structure,
while both LEED and STM showed a (5.5 × 5.5) pseudoperiodicity. This pseudoperiodicity was attributed to
the moiré interference between the Si(111)-(11 × 11) lattice (a = 3.84 Å) and the In (13 × 13) hexagonal lattice,
which has a lattice constant of 3.25 Å, with the ratio very close to 13/11. ARPES measurements unveiled two
free-electron-like states with Fermi wave vectors of 1.32 and 1.46 Å−1. We also observed replica Fermi surfaces,
which are associated with the reciprocal lattice vectors of both the (1 × 1) Si(111) and the In hexagonal layers.
This further confirms the hexagonal atomic arrangement of the In triple-layer structure.

DOI: 10.1103/PhysRevB.108.045427

I. INTRODUCTION

The quantum properties of ultrathin metal films have gen-
erated significant interest due to the sensitivity of confined
electronic states to subtle differences in film thickness. This
sensitivity has enabled control over superconducting states
[1], surface reactivity [2], and optical properties associated
with collective electronic excitations [3]. The achievement
of highly crystalline metal films on semiconductor substrates
is crucial for quantum confinement of metallic electronic
states. However, this has been demonstrated only in limited
combinations of semiconductor substrates and metals. Small
variations in the bonding of constituent atoms can result in
noncrystalline growth of the initial monolayer, posing chal-
lenges in obtaining well-defined electron confinement. In this
context, the In/Si interface is particularly intriguing. It fa-
cilitates the formation of few-layer crystalline In films on
Si(111) with atomically flat interfaces simply by depositing
In on a reconstructed Si(111) surface while controlling the
substrate temperature [4–12]. The term “In films” assumes
atomic layers whose net densities are comparable to bulk In
and thus, it usually dose not include some superstructures on
In/Si(111) at monolayer or submonolayer coverages, such as√

3 × √
3 ( 1

3 ML [13]) and 4 × 1 (1 ML [14]), where ML is
defined as the atomic density of the Si(111)-(1 × 1) surface.

The thinnest known indium film on Si(111) is the so-called
“hex” structure where a single-layer structure has an incom-
mensurate lattice very close to a

√
7 × √

3 superlattice. The
coverage is 1.4 ML [9,11,15]. Note that the metallic radius of
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In atoms (3.25–3.38 Å in bulk In) is 85%–88% of the lattice
constant aSi = 3.84 Å of the Si(111)-(1 × 1). This size differ-
ence results in a higher atomic density of 1.4 ML in the In
single layer. The single-layer film confines two-dimensional
(2D) free-electron-like states which exhibit metallicity at am-
bient temperatures. However, upon cooling, it undergoes a
metal-insulator transition at around 250 K.

The thinnest In film that maintains metallicity even at
the lowest temperatures is a double-layer structure known
as the

√
7 × √

3-rect superstructure [5]. This structure con-
sists of two layers with a coverage of 1.2 ML each, forming
a quasirectangular lattice [8,10,16]. This film undergoes a
superconducting transition at 3 K [6] and exhibits typical
properties associated with 2D superconductors [7,12,17]. The
atomic arrangement of this film closely resembles that of bulk
In, which adopts a body-centered tetragonal (bct) structure.
This similarity raises the possibility of further growth of
bct(001) films upon additional deposition. However, previous
studies [18–20] have reported the preferential growth of three-
dimensional (3D) islands at and above room temperature.
As a result, the growth of thicker films has been considered
challenging.

The epitaxial growth is governed by both energetics and
kinetics. To achieve the growth of triple-layer or thicker In
films, which may be stable or metastable but not achievable
under typical deposition conditions, the surface diffusion of
In atoms should be controlled by cooling the

√
7 × √

3-rect
substrate [20–22]. By employing this approach, a (6 × 6)
superstructure was found to fully cover the

√
7 × √

3-rect
structure at a total coverage of ∼4 ML [20].

A scanning tunneling microscopy (STM) study indicates
an epitaxial growth of hexagonal In layers in lattice matching
between 6aSi and 7aIn [21]. Other STM studies have also re-
ported similar superstructures, (5.5 × 5.5) and (∼5.4× ∼5.4)

2469-9950/2023/108(4)/045427(7) 045427-1 ©2023 American Physical Society

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://orcid.org/0000-0001-5034-5187
https://orcid.org/0000-0002-0817-5249
https://orcid.org/0000-0002-6031-0612
https://orcid.org/0000-0002-4276-0679
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.045427&domain=pdf&date_stamp=2023-07-31
https://doi.org/10.1103/PhysRevB.108.045427


SHINICHIRO HATTA et al. PHYSICAL REVIEW B 108, 045427 (2023)

(Kraft et al., 1997; Suzuki et al., 2022). The detailed lattice
relationship among these superstructures has not yet been
clarified.

On the other hand, it was reported that the allotropic tran-
sition of In films, from fcc to bct, occurs until 10 ML on
other substrates [23,24]. The comprehensive characterization
of atomic and electronic structures of the intermediate hexag-
onal layers is crucial to understand the growth process and the
properties of ultrathin In films.

In this paper, we present a detailed analysis of the
triple-layer structure by STM, low-energy electron diffrac-
tion (LEED), and angle-resolved photoelectron spectroscopy
(ARPES). Bias-voltage-dependent STM images revealed a
hidden superlattice of (11 × 11), which was also confirmed by
the analysis of the LEED spot pattern. The long periodicity is
due to a small mismatch between the Si and In lattices, which
are in the relation of 11aSi = 13aIn. The registry between
the In and the Si atoms yields a moiré modulation with a
pseudoperiodicity (5.5 × 5.5), which is a half of (11 × 11).
We found two concentric 2D free-electron-like Fermi surfaces
(FSs) for the triple-layer structure. The observed replica FSs
indicate comparable contributions from umklapp scatterings
by the Si(111) and In hexagonal lattices.

II. EXPERIMENT

Experiments were performed in ultrahigh vacuum (UHV)
chambers with base pressures below 1.2 × 10−8 Pa. LEED
patterns were acquired with LEED optics (OCI, BDL600IR)
and high-sensitivity CMOS cameras. STM observation
was performed with a low-temperature STM (USM1200,
Unisoku) at 5 and 78 K using a commercial Ag tip. All
topographic images shown here were acquired in the constant-
current mode. ARPES measurements were performed at 80 K
using a hemispherical electron energy analyzer (R3000, VG
Scienta) and monochromatized He I (21.2 eV) radiation. The
typical energy resolution of the photoelectron spectra was set
to 40 meV and the angular resolution 0.1◦. The position of
the Fermi level (EF) was determined by the Fermi edge of the
spectrum from the Ta foil in contact with the sample.

Si(111) substrates were cut from n-type Si(111) wafers
(ρ < 0.02 � cm) and were cleaned in each UHV chamber by
repeated flash annealing up to 1320–1500 K. An evaporator
of In was made with an alumina crucible heated by a tungsten
wire loop. The deposition rate was calibrated according to the
LEED observation of the In/Si(111)-(4 × 1) (1.0 ML) and
-hex (1.4 ML) phases. The In/Si(111)-

√
7 × √

3-rect struc-
ture was prepared by 3-ML deposition and postannealing at
673 K. High crystalline quality of the double-layer film was
checked by LEED or STM. Extra In atoms coalesced to form
3D crystals, which density was determined by STM to be very
low (�1 µm−2).

We first investigated the growth of the triple-layer structure
by LEED for as-deposited films while keeping the substrate
temperature constant. The growth rate was found to depend
on substrate temperature; for a deposition rate of 0.3 ML/min,
the

√
7 × √

3-rect structure was fully replaced with the
triple-layer structure at �120 K by 1.2 ML (Fig. 1), while
above ∼140 K, the growth rate was significantly decreased
probably due to the competitive growth of 3D islands. For the

(10)(01)
(3/5 3/5)(a) (b)

(c) (d)

2.8 ML2.4 ML

3.2 ML 3.6 ML

(11)

FIG. 1. LEED patterns from (a) a pristine In/Si(111)-(
√

7 × √
3)

surface (2.4 ML) and (b)–(d) after the additional deposition of In
(0.4, 0.8, and 1.2 ML). These pattens were taken with 78-eV elec-
trons at 88 K. The open circles in (a) present the simulated reciprocal
lattice points of the triple-domain

√
7 × √

3 structure.

In deposition in the STM chamber, we needed to take out the
sample from a cold stage at 78 K. We adjusted to minimize the
total time that a sample was on the manipulator, and carefully
checked the consistency with the LEED experiments. For
ARPES measurements, we grew the triple-layer structure at
80–100 K and applied moderate postannealing up to 140 K
for a few minutes in order to improve the crystallinity as
described later [Fig. 3(b)].

III. RESULT

Figures 1(a)–1(d) show LEED pattern change with increas-
ing In coverage from the In/Si(111)-rect structure at 88 K.
Most fractional spots of the triple-domain (

√
7 × √

3) super-
lattice, described by a matrix notation (1–1| 2 3) with respect
to the Si(111) (1 × 1) lattice, are clearly seen in Fig. 1(a), in-
dicating a well-ordered double-layer structure. Among them,
the ( 3

5
3
5 ) and equivalent spots are particularly intense, and

thus, are considered to be a good criterion for the completion
of an upper layer. While additional deposition of In weak-
ened the intensity of the (

√
7 × √

3) spots, several new spots
gradually became visible around the (1 × 1) spots. At the
total coverage of 3.6 ML, the (

√
7 × √

3) pattern completely
disappeared except for the spots from Si(111)-(1 × 1) and the
newly appeared sharp spots constitute a hexagonal pattern.

Among the newly appeared spots, six spots outside of
the Si(111)-(1 × 1) spots are considerably intense. This
LEED pattern was observed at different electron energies in
70–120 eV, indicating that these spots are not due to 3D
islands of In. The in-plane scattering vector of the most
intense spots (k‖ = 2.2 Å−1) is ∼ 7

6 times as long as that of
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FIG. 2. (a) A wide-area STM image of the triple-layer structure
taken at sample bias Vs = −1.0 V and tunnel current I = 0.1 nA.
The inset shows the height profile along the arrow crossing the step
edge. Closeup STM images of the same area taken at (b) Vs = −1.0
and I = 0.5 nA, and (c) Vs = +0.5 V and I = 0.5 nA. The grid
pattern represents the (11 × 11) lattice. (d) The unit cells of (1 × 1),
(5.5 × 5.5), and (11 × 11) depicted in the same scale as (b) and
(c). The STM images were recorded at 78 K for (a) and 5 K for
(b) and (c).
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FIG. 3. (a) The upper panel presents the LEED pattern from the
triple-layer structure taken with 90-eV electrons, and the lower panel
the intensity profile on the line indicated by the triangles in the upper
panel. (b) The LEED pattern from the triple-layer structure taken
with 88-eV electrons.

Si(111) (1 × 1) (1.89 Å−1), which indicates that this phase
corresponds to the (6 × 6) structure reported by the previous
low-energy electron microscopy (LEEM)/LEED and STM
studies [20,21]. Assuming that each layer contains 1.2 ML
as the

√
7 × √

3-rect structure, the total coverage amounts
to 3.6 ML, which is reasonable for a triple-layer structure.
The superstructure spots are seen only around the (1 × 1)
spots, which is typical for incommensurate and high-order
commensurate structures [25,26].

Figure 2(a) is a STM image of the surface covered with the
triple-layer structure. A uniform hexagonal array of spots is
seen over a whole 500-Å-wide terrace. Although there are a
small amount of pointlike defects, domain boundary defects
are not found on the wide terrace. The line profile crossing
a step edge shows that the step height is same as that on
Si(111) (3.1 Å). The apparent corrugation of the spots of
the triple-layer structure is only ∼0.16 Å, indicating that the
surface is atomically flat. The spots are aligned along the
[11̄0] and [101̄] directions, and their interval is 20.7 ± 0.4 Å.
The period of the spots is consistent with 5.5aSi rather than
6aSi. Figure 2(b) shows a closeup image of the triple-layer
structure, where a (5.5 × 5.5) unit cell is also indicated. In
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this image, each spot in the wide-area image turns out to be
a triangle-shaped structure or a trimer of smaller spots. This
shape is consistent with that observed in the previous STM
study of the same surface, which was, however, referred to
as the (6 × 6) structure [21]. We note a recent STM study
showing the (∼5.4× ∼5.4) superstructure on In/Si(111). The
lattice size is close to that we determined by our STM obser-
vation. However, the angle between the unit-cell vectors was
reported to be smaller than 60◦ by 4◦, indicating an oblique
lattice. Our LEED observation of the triple-layer structure
does not show such distortion from the hexagonal lattice.

A closer look at Fig. 2(b) revealed disorder in direction of
the triangles; most of the triangles point downward, but some
point upward. The latter are indicated by the open circles.
The arrangement that the five upward triangles are lined up
at a same interval (∼41 Å) implies a hidden lattice whose
size is twice (5.5 × 5.5), that is, (11 × 11) [Fig. 2(d)]. The
(11 × 11) periodicity became evident when the bias voltage
was changed from negative to positive, as shown in Fig. 2(c).
The most characteristic feature observed at Vs = +0.5 V is
dark spots, each of which is surrounded by three bright spots.
The (11 × 11) grid pattern is drawn as each cross point is
located at the dark spot. The (11 × 11) unit cells appear to
contain about 20 spots. It is helpful to recognize the configura-
tions of the spots separately for the left and right half-unit cells
(HUCs) [Fig. 2(d)]. The spot configuration of the left HUCs is
identical to each other. On the other hand, the right HUCs have
two types of configurations; one has a threefold symmetry
[type A in Fig. 2(c)], and the other has no rotational symmetry
and fewer spots (type B). As to the type-A HUCs, central
trimerlike features, one of which is indicated by a rounded
triangle in Fig. 2(c), correspond to the upward triangles at
Vs = −1.0 V. Because the two types of the right HUCs were
distributed randomly, the configurational entropy of mixing
may contribute to the stability of the triple-layer structure.
However, the coexistence of the different local structures does
not disturb the periodicity of the (11 × 11) lattice. Therefore,
the (11 × 11) LEED spots are expected to be sharp, which is
consistent with our LEED observation.

Now we analyze the observed LEED pattern in detail. Fig-
ure 3(a) shows the LEED pattern of the triple-layer structure
taken at 90 eV. The kx and ky axis were scaled by the Si
(1 × 1) spots. An array of seven spots are seen on a horizontal
line at ky = 1.9 Å−1. The intensity line profile on the line
is shown in the lower panel. The average distance between
spots in close proximity was measured to be 0.34 ± 0.03
Å−1. A corresponding lattice constant of a hexagonal lattice is
21.7 Å, whose ratio to 3.84 Å of Si(111) (1 × 1) is 5.6 ± 0.2.
Assuming the (11 × 11) superlattice, the indices of the two
intense spots in the line profile are (13/11 0) and (0 13/11).
In Fig. 3(a), a ruler is drawn with 14 ticks placed with an
equal spacing. All the observed spots are found to be located
on the ticks. In further experiments, we found that moderate
annealing at ∼140 K improved the crystalline quality of the
triple-layer structure. The LEED pattern [Fig. 3(b)] from the
sample made in this way exhibits much more spots compared
to Figs. 1(d) and 3(a). Some of the newly observed spots are
indicated by the white arrows. They are all consistent with a
(11 × 11) reciprocal lattice.

Si
3.84 Å 3.25 Å

In

FIG. 4. A schematic model showing the topmost hexagonally
packed In layer on Si(111). Black circles are Si atoms, and light-blue
circles are In atoms. (11 × 11) and (5.5 × 5.5) unit cells are repre-
sented by the solid and dotted (red) rhombi, respectively. The closeup
images near each corner of the (5.5 × 5.5) unit cell are shown at the
bottom.

In Fig. 3(b), the ( 3
5

3
5 ) and equivalent spots are also seen,

showing that the
√

7 × √
3-rect structure was partially ex-

posed by the moderate annealing. Thermally removed In
atoms must be incorporated into 3D crystals of In as reported
in the previous LEEM study [20]. This behavior was observed
to proceed rapidly in a short period, typically several minutes,
above 140 K. However, it was not detected below 100 K for
hours. It should be noted that the ( 3

5
3
5 ) spot is located in close

proximity to the center between the intense (13/11 0) and (0
13/11) spots, which corresponds to the point scaled 6.5 on
the ruler in Fig. 3(a). This shows the fact that the (

√
7 × √

3)
lattice and the (11 × 11) one do not have a commensurate
relation.

Structure models of close-packed atomic layers as fcc or
hcp were considered in the previous studies [20,21]. Now we
examine a similar structure model (Fig. 4) taking into consid-
eration the lattice matching between 11aSi and 13aIn, where
aIn is assumed to be 3.25 Å. In this figure, only the topmost In
atoms and the Si(111) atoms are depicted with the orientation
being identical to each other. The difference in periodicity
between the Si and In layers yields a moiré pattern with the
(5.5 × 5.5) pseudoperiodicity, which is easily recognized by
focusing areas where the white color of the background is
noticeable. This graphical feature reflects the difference in
the registry of the In atoms with respect to the Si atoms. The
atom configurations of both HUC in this model have threefold
symmetry, which is consistent with the high-symmetry pair of
HUCs observed in the STM image [Fig. 2(c)]. Note that the
atomic arrangement at the lattice points of (5.5 × 5.5) is not
exactly the same with each other (see the bottom images in
Fig. 4), which is why the (5.5 × 5.5) is a pseudoperiodicity.
Consequently, the (5.5 × 5.5) patterns observed by LEED
and STM, respectively, are interpreted as reflecting the moiré
modulation.

Figure 5(a) shows a FS map of the (11 × 11) structure
measured by ARPES at 80 K. In order to make the pattern
of the FS clear, the original ARPES data in a 60◦ range from
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FIG. 5. (a) A Fermi-surface map of the triple-layer structure on
In/Si(111) where ARPES intensity was averaged within an energy
window of 40 meV centered at EF. The solid, dotted, and dashed
hexagons represent the SBZs of Si(111) (1 × 1), (11 × 11) and the
close-packed layer with an atomic distance of 3.25 Å, respectively.
The bold arrow is a primitive (11 × 11) reciprocal lattice vector
G11. ARPES band dispersion maps along (b) �̄–M̄ and (c) �̄–K̄ of
the Si(111) (1 × 1) SBZ. The dashed curves are fitted free-electron
dispersion relations with the offset by reciprocal lattice vectors. The
solid curves indicate the experimental dispersions of S2 and S′

2.

�̄–M̄ to �̄–K̄ is symmetrized by reflection and rotation of
120◦. Note that the Si(111) mirror plane is on �̄–M̄, not on
�̄–K̄ . The two large hexagons represent the first surface Bril-
louin zones (SBZs) of Si(111) (1 × 1) and the hexagonal layer

with an atomic distance of 3.25 Å. In-derived FSs are seen
as multiple circles and warped hexagons. The most striking
feature is large two circular FSs (S0 and S1) located outside
of the first In-layer SBZ (SBZIn). These states are attributed
to 2D free-electron-like states. The Fermi wave vectors of the
inner and outer FSs are 1.32 and 1.46 Å−1, respectively, in the
extended zone scheme.

Other remarkable FS features are FS arcs, labeled S′
0, S′

1,
S′′

0 , and S′′
1 , inside the first SBZIn, which appears to form

warped hexagons. Each FS arc has the same curvature of S0 or
S1. For example, S′

0 and S′
1 near (0.8 Å−1, 0) coincide perfectly

with S0 and S1 near (−1.4 Å−1, 0), respectively, by the trans-
lation of a reciprocal lattice vector 13|G11| = |GIn|, where
|G11| = 0.17 Å−1 and |GIn| = 2.23 Å−1. The same holds for
S′′

0 and S′′
1 near (0.5 Å−1, 0) by translation of 11|G11| = |GSi|,

where |GSi| = 1.89 Å−1. These relations are more easily rec-
ognized by reflecting S0 or S1 with respect to the SBZIn and
the Si(111) (1 × 1) SBZ (SBZSi) boundaries. Observation of
replica bands by ARPES is often related to surface umklapp
scattering of photoemission final states [27,28]. This inter-
pretation is reasonable because anticrossing behavior is not
found in the FS map. However, if hybridization gaps of the
metallic bands were small (� a few tens meV), it is difficult
to distinguish whether each FS arc is attributed to umklapp
scattering or to an initial state.

Figures 5(b) and 5(c) show ARPES band maps of the (11 ×
11) structure along �̄–M̄ and �̄–K̄ , respectively. We fit the S0

and S1 band dispersions along �̄–M̄ with free-electron dis-
persion relation, that is, E = h̄2k2/2m∗ + E0, where m∗ is an
effective mass and E0 an energy offset. Fitting parameters are
only m∗

i because E0 was determined by the measured Fermi
wave vectors kF,i (i = 0, 1) (1.32 Å−1 for S0 and 1.46 Å−1

for S1). As a result of the fittings, we obtained m∗ = 0.93me

for S0 and 1.2me for S1, where me is the free-electron mass.
The fitting curves and their replica bands derived in the empty
lattice approximation with GSi and GIn are drawn as dashed
curves in Figs. 5(b) and 5(c). This simple model shows a good
agreement for most of the observed metallic band dispersions.
For the �̄–K̄ direction, the fitting curve is slightly deviated
from the experimental dispersions, showing weak anisotropy
of the metallic states of the (11 × 11) structure. In Fig. 5(c),
no corresponding free-electron band was found for a weak
feature indicated by the arrow at 0.9 Å−1. This band is proba-
bly attributed to minor

√
7 × √

3-rect domains unintentionally
recovered by postannealing as observed by LEED [Fig. 3(b)].

In Figs. 5(b) and 5(c), the Si bulk band (labeled B) and the
hole subbands (HH and LH) are observed to disperse down-
ward away from �̄. The subbands are attributed to quantum
states confined by upward band bending in the near-interface
region of n-type Si [29]. The valence band maximum of the
Si substrate was estimated to be at 0.5 eV from the leading
edge of the subband feature. When one follows the topmost
HH subband away from �̄, the subband feature is transferred
to another band, labeled S2 at ∼1 eV and 0.5 Å−1 in both
directions. This would be attributed to the change of the or-
bital character from px + py to pz [30,31]. The pz-like state
on Si(111) is typically related to the dangling bond state.

The replica pattern of the 2D free-electron-like FS was dis-
cussed in the ARPES study of the double-layer

√
7 × √

3-rect
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structure [4]. The
√

7 × √
3-rect structure has a single circular

FS with kF = 1.4 Å−1. The replica FSs are characterized by
reciprocal lattice vectors associated with the pseudo-fourfold
geometry of the In atoms. This is due to that the photoemis-
sion matrix elements are sensitive to electron distribution in
the vicinity of the emitting atoms. As for the (11 × 11) struc-
ture, the pattern of the observed FSs (S′

0 and S′
1) was related

to the hexagonal lattice whose lattice constant is 3.25 Å. We
believe that this result provides support for our hexagonal-
layer model (Fig. 4).

Recently, similar double-circular FSs have been reported
for the (In, Mg)/Si(111)-(

√
3 × √

3) structure [31]. The mea-
sured values of kF are 1.29 and 1.46 Å−1, which are very close
to those on the (11 × 11) structure (1.32 and 1.46 Å−1). This
(In, Mg)/Si(111) structure was fabricated by Mg deposition
on the

√
7 × √

3-rect structure at ∼200 K. First-principles
total-energy calculations revealed that the structure consists
of three hexagonally packed atomic layers, each of which con-
tains 4

3 ML atoms, in ABC stacking order. Most of Mg atoms
are incorporated to the bottom layer to terminate the dangling
bonds on Si(111) and ionized, and therefore, the free-electron-
like 2D states are mainly derived from In valence orbitals. In
general, confinement of electrons in an ultrathin film leads
to quantum well states when film thickness is several times
thicker than the Fermi wavelength. However, because the (In,
Mg) triple-layer structure is too thin, the metallic states are
rather described in terms of local bonding; metallic states
are split into a bonding-antibonding pair according to the
presence or absence of nodes. This is the origin of the double
circular FSs.

Finally, we discuss about the atomic structure of the triple-
layer structure of In/Si(111). A straightforward model is that
the third hexagonal In layer is on the double-layer

√
7 ×√

3-rect structure. Assumed that the coverage of (13/11)2 ∼
1.40 ML for the third layer (Fig. 4), the total coverage of this
model is 2.4 + 1.4 = 3.8 ML, which roughly agrees with the
experimental coverage of 3.6 ML. Although the (11 × 11)
lattice is not commensurate with the (

√
7 × √

3) one, such
structure seems likely, given the incommensurate structure of
the single-layer hex structure on Si(111) [11]. Nevertheless,
our LEED and ARPES results raise questions. The 12 intense
spots in the

√
7 × √

3-rect LEED pattern [Fig. 1(a)] are con-
sidered as a combination of three 120◦-rotated virtual square
reciprocal lattices, for example, one of which is formed by
the pair of the orthogonal (00)–( 3

5
3
5 ) and (00)–(11̄) vectors.

This feature reflects the nearly square atom arrangement of
the double-layer structure with the lateral atomic distances of
∼3.3 Å. If the quasisquare arrangement was preserved under
the third hexagonal layer, it is expected that the relatively
intense LEED spots with hexagonal symmetry appear around
the ( 3

5
3
5 ) and equivalent reciprocal lattice points by double

scattering. Actually, the (11 × 11) spots were observed only
around the Si(111) (1 × 1) spots [Fig. 1(d)]. Besides, the
replica pattern of the FSs observed by ARPES also showed

no square-lattice features. These results indicate that the
formation of the triple-layer structure is accompanied by the
reconstruction of the underlying In layers. In the previous
study of slightly thicker In films (6–8 layers) on Si(111),
the structural change from fcc (hexgonal) to bct (tetragonal)
was found during the growth at <100 K [24]. Therefore, it
is expected that there is no significant difference in stability
between the square and hexagonal structures for ultrathin In
films, and the barrier is so small that the transition occurs in
as-deposited films at ∼100 K.

Here we propose a model in which two hexagonal close-
packed layers are present as the upper two layers. This model
is based on the close similarity of the Fermi surfaces be-
tween the In and the (In, Mg) triple-layer structures [31].
The packing density (1.40 ML) in a hexagonal layer of our
(11 × 11) model (Fig. 4) is slightly higher than 4

3 ML of the
(In, Mg)/Si(111) structure. Although the difference yields a
smaller atomic distance by 0.07 Å in the (11 × 11) struc-
ture, it is possibly compensated by vertical corrugation of
atomic positions. As to the bottom layer, the packing den-
sity is calculated to be 0.8 ML from the total coverage of
3.6 ML. However, underestimation of the coverage is possible
because the LEED experiments to determine a deposition
rate were done for Si(111) at room temperature where the
sticking probability of In atoms is expected to be lower than
the temperature (∼100 K) during the growth of the (11 × 11)
structure. Thus, the total coverage of the triple-layer structure
may be closer to 4 ML than 3.6 ML. Considering the termina-
tion of the Si(111) substrate in the

√
7 × √

3-rect structure,
a packing density of 1.2 ML is sufficient. Electron-density
profile analysis by surface x-ray diffraction is suitable for
examining our model [32].

IV. SUMMARY

We performed the experimental study of the triple-layer
structure by LEED, STM, and ARPES. Although the struc-
ture was referred to as (6 × 6) in the previous studies, the
superlattice was determined to be (11 × 11). The half-period
moiré pattern emphasized in LEED and STM observations is
explained by the overlap of the Si(111) lattice and the over-
layer lattice of hexagonally packed In atoms. The electronic
structure of the (11 × 11) structure is characterized by two
2D free-electron-like states. Compared to the

√
7 × √

3-rect
structure, these states are expected to have less contribution of
dangling bond states on Si(111), thus, the triple-layer structure
can provide more insight into electronic properties of free-
standing 2D metals and probably of 2D superconductivity.
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