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We present measurements of the Fermi surface and underlying bandstructure of a single layer of
Indium on Si(111) with

√
7 ×
√
3 periodicity. Electrons from both indium valence electrons and

silicon dangling bonds contribute to a nearly free, two-dimensional metal on a pseudo-4-fold lattice,
which is almost completely decoupled at the Fermi level from the underlying hexagonal silicon lattice.
The mean free path inferred from our data is evidently limited only by the scattering at step edges,
suggesting the system might be a suitable model for studying the ground state of two-dimensional
metals.

PACS numbers: 71.18.+y, 73.20.At, 79.60.-i, 73.50.-h

Because of enhanced many-body interactions, quasi-
two dimensional (2D) electron systems present diverse
electronic phenomena such as charge density waves[1],
metal-insulator transitions[2–4], Wigner lattices[5] and
high-temperature superconductivity[6]. Metal monolay-
ers on semiconductors might be attractive to study such
phenomena, not only because their electronic states could
be probed directly by surface-sensitive means, but also
because their electrons could be confined to a single
monolayer thickness. As such, they might approach an
ideal two-dimensional limit, as opposed to quasi-2D sys-
tems such as layered compounds in which there remains
significant interlayer coupling[7].

In this Letter, we report angle-resolved photoemission
spectroscopy (ARPES) measurements of a model system,√
7×
√
3 Indium on Si(111), which displays a high degree

of localization to the 2D layer and whose Fermi surface
is strikingly close to the ideal 2D electron gas (2DEG).
We show that the metallic layer’s cohesion is so strong
that nearly all the electrons available (Indium valence
+ Silicon dangling bonds) participate in the 2DEG with
only a minority participating in covalent In-Si bonds. As
a consequence of the confinement to the 2D layer, the
potential felt by the electrons has nearly the pseudo-4-
fold symmetry of the bare, isolated overlayer, with only
minor effects arising from the hexagonal substrate sym-
metry. The mean free path for electron scattering at the
Fermi level is quite long, suggesting that this system may
be suitable for future investigations of the ground state
properties of 2D metals.

A Si(111) crystal, miscut 2◦ towards [112], was heated
by direct current to obtain a 7× 7 reconstruction. After
depositing > 1.5 ML In and annealling to 500-600K to
remove the excess In, we observed the

√
7×
√
3 low en-

ergy electron diffraction (LEED) pattern shown in Fig.
1(a). Although 3 equivalent 120◦ rotated domains are
possible, with careful annealling treatment, probably as-
sisted by substrate step ordering, we reproducibly ob-

tained the single-domain pattern shown in Fig. 1(a). The
strongest recurring spots are those indicated by the large
circles (inset), although the remaining

√
7 ×
√
3 spots

(small circles) can also be observed depending on the
electron energy. Although Kraft et al [8, 9] reported the
coexistence of 1.2 ML pseudo-4-fold (PFF) and 1.0 ML
pseudo-6-fold phases, our x-ray photoelectron diffraction
measurements[10] support a pure PFF phase. Appar-
ently, our preparation method kinetically favors the 4-
fold over the 6-fold phase.

After preparation, the samples were transferred in
vacuo to a He-cooled goniometer capable of sample rota-
tions along 2 orthogonal polar axes plus azimuth. Angle-
resolved photoemission was performed with a hemispher-
ical analyzer (Gammadata SES100) at beamline 7.0 of
the Advanced Light Source. The total energy resolution
(photons + electrons) was about 50 meV. The conver-
sion from emission angle to 2-dimensional momentum is
accomplished through a simple trigonometric transfor-
mation. The photon polarization was linear and lay in
the scattering plane, roughly parallel to [110]. The angu-
lar acceptance was about 0.15◦. Samples were measured
at 30-40K.

Fig. 1(b) shows the pseudo-4-fold (PFF) structure of
the overlayer proposed by Kraft et al[8, 9]. It is no-
table that the rectangular overlayer symmetry differs so
much from the hexagonal substrate. Although the over-
layer is commensurate with the substrate over a large√
7 ×
√
3 unit cell, the overlayer-substrate arrangement

appears locally incommensurate. Therefore it is useful
to consider the corresponding reciprocal-space Brillouin
Zone (BZ) as well as reciprocal lattice vectors G and ba-
sis vectors for three relevant symmetries found in this
system (Fig. 1(c)): the fundamental

√
7×
√
3 lattice, the

bulk-terminated Si hexagonal lattice, and the reduced,
rectangular PFF unit cell obtained if all In atoms were
identical. These G vectors are denoted by (hk), (hk)H,
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FIG. 1: Structural characterization of
√
7 ×
√
3 Indium on Si(111). (a) LEED pattern at 144 eV. The inset indicates the

strongest spots relative to the
√
7 ×
√
3 Brillouin zone. (b) Plan view of the

√
7 ×
√
3 unit cell of Indium atoms determined

by Kraft et al [8, 9]. (c) The reciprocal lattice points G, the basis vectors ((hk)H, (hk)R, and (hk)) and Brillouin zones for
unreconstructed 1× 1, rectangular pseudo-4-fold, and

√
7×
√
3 symmetries, respectively.

and (hk)R, respectively.
Fig. 2(a) shows a momentum map of the photoemis-

sion intensity from a narrow (≈ 150 meV) energy window
centered on EF. We find a striking array of nearly cir-
cular Fermi contours; the strongest of these represent a
simple 2d metal on a nearly square lattice, which is dis-
cussed in many elementary solid state treatments. The
raw data, taken over the quadrant (kx, ky) > −0.5 Å−1,
were mirror-symmetrized across these axes (although not
strictly a mirror plane, we observed approximate mirror
symmetry across the kx axis).
To model the observed Fermi surface, we used a simple

plane wave pseudopotential model in which the potential
is projected onto reciprocal space as V (r) =

∑
G VGe

iG·r

such that nearly free electron bands with dispersion

E = (h̄2/2)(k2x/m
∗
x + k

2
y/m

∗
y) (1)

are found centered on each possibleG vector of the recip-
rocal lattice. Thirty-nine G vectors (some equivalent by
symmetry) were sufficient to account for practically all
the features in the experimental intensity map. This cal-
culation together with the data are shown in Fig. 2(b),
in which the experimental data has been appropriately
symmetrized (translation + reflection) into the reduced√
7×
√
3 Brillouin zone.

Choosing the effective masses m∗x,y = (1.1e, 1.08e) and
the Fermi energy (6.9 eV) brings the data and model
into excellent agreement along the broad circular arcs.
Only one principle pseudopotential coefficient (discussed
further below), is needed to account for the anticrossing
gap labelled ‘a’ in Fig. 2(b). Conversely, the model and
data differ significantly at the central “butterfly” feature
in two ways. The first is that the experimental butterfly
“wings” are much larger than that of the model, lead-
ing the predicted position of gap a to differ from the
experiment. A second, more important difference is the
presence of two elliptical protrusions S1 not predicted by
the simple model, which we will return to later.

We now consider the nature of the In-Si chemical bond
and its influence on the Fermi surface topology. In the
PFF unit cell there is one In atom (of valence 3) and 5/6
unsaturated Si atoms (contributing 1 electron each) for a
total of 3.833 electrons. We find the central circular con-
tour (‘c’ in Fig. 2(a)) to cover 1.725 times the PFF BZ,
or 3.45 electrons per Indium atom, far in excess of the 3
available Indium valence electrons. Although some addi-
tional charge might come from bulk electrons trapped at
the surface by a band-bending potential [11], the charge
density associated with such accumulation layers is far
too small (typically 1011 e/cm2) to account for the ex-
cess charge.

We conclude that the 2D metal has contributions not
only from the In atoms but also from about half of the
surface silicon dangling bonds. This is not unreasonable
considering the structural model in Fig. 1(b). The diverse
In-Si arrangements suggest the possibility of multiple
types of In-Si bonds. Each interfacial Si atom contributes
a single protruding dangling bond electron, some of which
bond covalently with overlying indium atoms, and some
of which may protrude into their interstices. We specu-
late that these interstitial dangling bonds are donated to
the charged layer, increasing the electron count from 3 to
3.45 electrons per Indium atom. This is a very surpris-
ing kind of bond, much more characteristic of metallic
bonding than the directional covalent bonding expected
of semiconductors. The large gain in cohesive energy by
this charge donation to the In layer must offset the large
energy loss associated with vacating the dangling bond.
These findings confirm that the dominant interaction de-
termining the structure is metallic In-In and not covalent
In-Si bonding[8, 9]. Since Indium does not form a bulk
silicide then this is an example of a purely 2D metallic
silicide.

The remaining dangling bonds participate in a more
conventional In-Si covalent bond. This appears to be
the origin of the extra S1 features in Fig. 2(b), which
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FIG. 2: Fermi contours and underlying bands of
√
7 ×
√
3

Indium on Si(111). (a) The intensity at EF for hν=89.5 eV,
together with Brillouin zones from Fig. 1. Raw data are shown
in the upper right quadrant. The rest of the data are obtained
by mirror symmetry operations. (b) The experimental data
of (a) averaged over each

√
7×
√
3 Brillouin zone according to

tranlational/reflection symmetry, together with a plane-wave
calculation for

√
7 ×
√
3 symmetry as described in the text.

(c) The measured electronic bands similarly backfolded in the
reduced BZ for the line ky = 0. The overplotted bands are:
solid=simulated; dashed=guides to the eye. The top of the
bulk Silicon valence band maximum is indicated by an arrow.

cannot be accounted for by our simple nearly free elec-
tron model (white lines). In contrast to these minor al-
terations to the Fermi contours, the underlying band-
structure (Fig. 2(c)) is quite surprising: a set of three
parabolic bands (S1−3) are observed; not only mixing
with each other, these states apparently mix with the
free-electron bands near Γ, effectively raising the effec-
tive mass of these states there. This therefore accounts
for the enlargement of the “butterfly” wings centered on
Γ compared to our model.

How many electrons are represented by S1−3? Consid-
ering the wide range of these states along [110] (see Fig.
2(c)) and along [112] (about 20% of the

√
7 ×
√
3 BZ),

we can conservatively estimate at least 0.3 electrons per
Indium atom. Together with the 0.45 electrons donated
directly to the free-electron bands, we have more or less
accounted for the 5/6 =0.833 electrons expected from Si
dangling bonds.

If the electrons are mostly confined to the In layer,
then they should “feel” the PFF symmetry more than
the hexagonal symmetry of the substrate. In our model
we find a circular Fermi contour centered on each VG.
Since the observed photoemission intensity for a circle
centered at G goes as the square of the corresponding
VG [12], then by inspection of Fig. 2(a), we can rank the
potential at G=(11)R as the most important followed
by G=(01)R, (10)R, (01)H, and then all the others. Al-
though additional circles are found centered on practi-
cally all the other, higher symmetry

√
7 ×
√
3 Gs, they

are much weaker and observable only in unconnected sec-
tions of arc. This shows that the pseudopotentials associ-
ated with the rectangular In lattice greatly dominate the
potential (the ratio of intensity between strongest and
weakest features is on the order of 10-20).

Quantitative estimates of VG in this fashion are dif-
ficult since the photoemission intensities are subject to
strong systematic energy-dependent intensity deviations
(similar to those in the LEED patterns[13, 14]). Absolute
measurements of VG are possible because of the mixing of
bands whose centers are connected byG. This mixing re-
sults in anticrossing gaps in energy and momentum (e.g.
gap a in Fig. 2(a,b)). In order to reproduce this gap we
used a value V(11)R=0.15 eV for our simulation. Apart
from this anticrossing gap a, there is no experimentally
resolved gap at EF for any other potential terms VG,
which must all therefore be less than about 25 meV.

At deeper binding energies, on the other hand, we
found gaps at several other crossings; for example, the
potential term V(01)H (affecting the b intersection in Fig.
2(a)) was found to induce a gap for binding energies
greater than 0.8 eV. This makes sense because as the
bands come into resonance with the underlying bulk Si
bands, their wavefunctions penetrate deeper towards the
substrate and therefore the potential terms associated
with the hexagonal silicon lattice become more impor-
tant.
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Some authors [14, 15] have described the presence of
such weak replica bands as we see in Fig. 2 as due not to
weak potentials VG felt by the electron in the initial state,
but rather as a consequence of final state surface Umk-
lapp scattering from the corresponding surfaceG vectors.
Normally, surface Umklapp scattering is ascribed as the
third step in a three step model for photoemission from
bulk bands (excitation, transport to the surface, scatter-
ing by the surface potential). We conservatively assign
the replica bands to initial-state potential effects; how-
ever, in the absence of anticrossing gaps for the weak
replica bands, it remains difficult to eliminate final state
scattering as their cause. To the extent this occurs, it
strengthens our claim that the potential contribution of
the substrate symmetry is negligible.
The images in Figs. 2(a,b) are comprised of the

sharpest Fermi contours in our experience, which at-
tests to the high quality of the films and long mean free
paths of the carriers. These properties ultimately derive
from the large energy difference between the Fermi level
and the silicon states. Our measurements indicate that
the Fermi level of the 2D metal is pinned about 0.4 eV
above the silicon valence band maximum (arrow in Fig.
2(c)). Since this is near midgap, this surface represents
about the best localization of electrons to the surface
layer which can be achieved on silicon. The momentum
width δk perpendicular to the Fermi contour (point c of
Fig. 2(a)) is about 0.01 Å−1 which is nearly limited by our
angular resolution. We therefore conclude the mean free
path for electron scattering is in excess of 1/δk = 100
Å[16]. Since the average step-step distance along the
electron path that we measured was only ∼ 430 Å, this
suggests that the carrier lifetimes are mainly determined
by scattering at step edges, and that the lifetime is much
longer within the terraces.
Currently the zero-field ground state of two dimen-

sional electron gases is controversial, as is the rela-
tive roles of disorder, pairing interactions, and electron-
electron correlation[4]. Considering the high electron
density (3.6× 1015 cm−2), electron-electron interactions
should be screened out and in the inevitable presence of
defects the ground state should be insulating[17, 18]. On
the other hand pairing is still important: our tempera-
ture dependent valence band linewidths[19] (not shown)
indicate an electron-phonon coupling constant λ � 1,
similar to that of bulk Indium. We might therefore ex-
pect the surface to become superconducting near the crit-
ical temperature of bulk In (Tc = 3.4 K). We propose
that temperature-dependent measurements as a function
of defect density (controlled by adsorbate depostion) may
clarify the zero-field two-dimensional ground state.
In summary, extensive high-resolution bandstructure

measurements, supported by simulations, show that the
electronic structure of

√
7×
√
3 In/Si(111) consists of two

manifolds of bands. Most electrons are found in a nearly-
free-electron metallic band on a pseudo-4-fold (PFF) lat-

tice potential, with a minority of electrons in a second set
of bands ascribed to covalent In-Si bonds. Coupling be-
tween the dominant free-electron gas and the remaining
interface states is confined to a relatively small part of the
Fermi surface near Γ where the bulk valence band edge
comes closest to the Fermi level. The mean free path
inferred from our data is evidently limited only by the
scattering at step edges, reflecting the very high quality
of films grown. These films may be suitable for studying
ground state properties of low dimensional metals.
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