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Single and double In atomic layers grown on top of a single atomic NiSi2 layer on Si(111)
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Atomic sandwiches consisting of In layers with coverages ranging from ∼0.5 to ∼2.5 monolayers atop a
single-atomic-layer NiSi2 have been grown on Si(111) and have been explored using a set of experimental
techniques, i.e., scanning tunneling microscopy, angle-resolved photoelectron spectroscopy, and in situ low-
temperature transport measurements, accompanied by the density functional theory calculations. It has been
found that each of the three In phases forming on the NiSi2/Si(111) substrate has its definite counterpart among
the In phases forming on the bare Si(111) surface. Structural, electronic, and transport properties of the single-
and double-atomic In layers have been elucidated in detail.
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I. INTRODUCTION

Metal films having a thickness of one or a few atomic
layers grown on the crystalline semiconductor substrates
attract considerable interest of researchers due to the abun-
dance of structural and electronic properties. Indium-induced
superstructures on Si(111) are of especial interest, in partic-
ular, due to the emergence of the superconductivity at the
atomic-scale limit. The list of In/Si(111) reconstructions in-
cludes α-7 × 7,

√
3 × √

3,
√

31 × √
31, 4 × 1, 2 × 2, and√

7 × √
3 [1,2]. While the α-7 × 7 [3,4],

√
31 × √

31 [5],
and 4 × 1 [6] reconstructions are known to incorporate Si
atoms in their structures, the

√
3 × √

3, 2 × 2, and
√

7 ×√
3 reconstructions can be visualized as In films of various

coverages and superstructures residing atop a bulklike termi-
nated Si(111) substrate. Thus, the latter reconstructions can
be formed via In deposition onto the Si(111)

√
3 × √

3-In
surface held at room temperature (RT) [7]. Understanding
of the atomic arrangement and even In coverage of these
reconstructions has undergone dramatic evolution during the
last two decades [8–13], but even up to now complete con-
sensus has not been reached. Nevertheless, we believe that the
general self-consistent picture can be represented as follows.
The

√
3 × √

3-In is well established to contain 1/3 ML of
In adatoms residing in the T4 sites on Si(111). The 2 × 2-In
has recently been determined to incorporate 1.0 ML of In, of
which three In atoms within the 2 × 2 unit cell occupy T4

sites, forming a trimer centered in the H3 site, and the fourth
In adatom occupies the on-top (T1) site [14,15]. The most
debated reconstructions are the

√
7 × √

3-In ones [13,16–
24]. It is generally accepted that there are two types of the√

7 × √
3-In structures: quasihexagonal hex-

√
7 × √

3 with
∼1.4 ML of In and quasirectangular rect-

√
7 × √

3 with 2.4
ML of In. The hex-

√
7 × √

3-In has a single-atomic-layer
structure which converts upon cooling to the ground-state√

7 × √
7 structure [13,22,25,26], and the rect-

√
7 × √

3-In

has a double-atomic-layer structure which remains unchanged
upon cooling. Regarding the electronic properties, the 2 × 2-
In phase is semiconducting [14,15], the hex-

√
7 × √

3-In is
metallic at RT and undergoes a metal-insulator transition
upon conversion to the

√
7 × √

7 structure [22,23], and the
rect-

√
7 × √

3-In is metallic and converts into the supercon-
ductor state [27–33] at the critical temperature in the range
from 1.0 to 3.2 K, depending on the evaluation technique
(e.g., scanning tunneling spectroscopy [27], transport mea-
surements [29,31], or measuring the diamagnetic response
associated with the Meissner effect [32]), as well as on the
sample preparation conditions, in particular, the extent of dis-
order in the In layer [30,33].

Bearing all these in mind, it seemed of interest to ex-
plore how the change of the substrate from the bare Si(111)
to another one would affect the structure and properties of
the In films. In the very recent work [34], the properties
of the double-atomic-layer In film on the Si(111) covered
by the single-layer Mg have been studied. In the present
study, we changed the bare Si(111) substrate for the Si(111)
one with a single-atomic-layer NiSi2 atop. The choice of the
NiSi2/Si(111) template was dictated, on the one hand, by
the fact that its topmost-atom structure is akin that of the
bulklike terminated Si(111) substrate and, on the other hand,
by the recent results where it has been shown as an advanced
platform for growing exotic nano-objects, e.g., a graphenelike
honeycomb lattice built of Tl atoms, thallene, [35] or a NiSi2

metal sheet of atomic thickness embedded in the crystalline
silicon matrix [36]. In addition, nickel silicide is an impor-
tant contact material in semiconductor technology. It was
found to be effective in field-effect transistors [37] and solar
cells [38]. The formation of the sharp and defect-free interface
with indium, which is also widely used in semiconductor
technology, provides effective contact pads for technological
applications. Moreover, superconductor thin films and their
contacts with metals, oxides, and semiconductors are now
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a focus of extensive studies for the purposes of quantum
computing technologies [39–42]. The search for new combi-
nations with suppressed defect-associated decoherence noise
is an important task in this field [43].

In the present study, atomic sandwiches consisting of In
layers with coverages ranging from ∼0.5 to ∼2.5 ML atop
single-atomic-layer NiSi2 have been grown on Si(111) and
their structural, electronic, and transport properties have been
explored using a set of experimental techniques, i.e., scanning
tunneling microscopy (STM), low-energy electron diffrac-
tion (LEED), angle-resolved photoelectron spectroscopy
(ARPES), and in situ transport measurements, accompanied
by density functional theory (DFT) calculations. The obtained
results are compared with those for the counterpart In films
grown on a bare Si(111) surface.

II. EXPERIMENTAL AND CALCULATION DETAILS

The STM, LEED, and ARPES experiments were per-
formed in an ultrahigh-vacuum Omicron MULTIPROBE
system with a base pressure better than 2.0 × 10−10 Torr.
Atomically clean Si(111)7×7 surfaces were prepared in situ
by flashing to 1280 ◦C after the samples were first outgassed
at 600 ◦C for several hours. The In was deposited from a tan-
talum tube and the Ni from an electron beam evaporator. STM
images were acquired using Omicron variable-temperature
STM-XA operating in a constant-current mode. Mechanically
cut PtIr tips were used as STM probes after annealing in
vacuum. ARPES measurements were conducted using a VG
Scienta R3000 electron analyzer and high-flux He discharge
lamp (hν = 21.2 eV) with a toroidal-grating monochromator
as a light source. Transport measurements were conducted in
the UNISOKU USM 1500 LT system, equipped with a su-
perconducting magnet and four-point-probe (4PP) technique,
which provides the lowest temperature of ∼2 K.

The DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP) [44,45], with core
electrons represented by projector augmented wave (PAW)
potentials [46,47]. To get an accurate Si band gap, we applied
the DFT-1/2 self-energy correction method [48]. Spin-orbit
interaction (SOI) was included in all the types of calculations.
The Si(111)1×1-(In, Ni) cell geometry was simulated by a
repeating slab of 10 Si bilayers and a vacuum region of ∼15 Å.
Si atoms in the bottom three bilayers were fixed at their bulk
positions, the top seven bilayers were allowed to fully relax,
and dangling bonds on the bottom surface were saturated by
hydrogen atoms. �-centered 12 × 12 × 1 k-point mesh was
used. The geometry optimization was performed until the
residual force was smaller than 10 meV/Å.

III. RESULTS AND DISCUSSION

To form the In/NiSi2/Si(111) atomic sandwiches, we
employed the technique used before for fabrication of the
parent Tl/NiSi2/Si(111) [49] and Pb/NiSi2/Si(111) [50]
sandwiches. According to this technique, the metal atomic
layer of Tl, Pb, or In is grown first on the bare Si(111)
surface, then 1.0 ML of Ni is deposited onto the metal layer,
followed by sample annealing to 300 ◦C, which results in Ni
intercalation into the top Si(111) bilayer and the formation of

300 K

55 eV 50 eV

300 K

(a)

1×12×2

2×2

1×1

(b) (c)

(d)

(e) (f)

(g)

FIG. 1. (a) Large-scale (25 × 25 nm2) and (b) high-resolution
(5.0 × 5.0 nm2) STM images and (c) LEED pattern of the
In/Si(111)2×2 surface. (d) Large-scale (25 × 25 nm2) and (e) high-
resolution (5.0 × 5.0nm2) STM images and (f) LEED pattern of
the In/NiSi2/Si(111)1 × 1 surface formed by intercalation of 1.0
ML of Ni into the In/Si(111)2×2 sample. The main reflections in
(c) and (f) are marked by yellow circles. (g) 26 × 13 nm2 filled-state
(−0.8 eV) STM image from the surface obtained by intercalation
of ∼0.6 ML Ni into the In/Si(111)2 × 2, that results in the coexis-
tence of the 2 × 2-In and 1 × 1-In domains residing on bare Si(111)
and NiSi2/Si(111), respectively. The STM bias voltages used were
(a) −1.0 V, (b) +0.01 V, (d) −0.01 V, (e) −0.01 V, and (g) −0.8 V.

the single-layer NiSi2 sandwiched between a metal capping
layer and a Si(111) substrate.

In the present study, the 2 × 2-In layer with 1.0 ML of In
[Figs. 1(a)–1(c)] was used as a starting point for fabrication of
most of the In/NiSi2/Si(111) sandwiches. In particular, when
1.0 ML of Ni is intercalated beneath the 2 × 2-In, the structure
of the In layer changes from 2 × 2 to 1 × 1 [Figs. 1(d)–
1(f)]. When less than 1.0 ML of Ni is deposited, patches
of the 2 × 2-In (having a characteristic honeycomblike STM
appearance [14]) atop a bare Si(111) coexist with regions of
the 1 × 1-In atop NiSi2/Si(111) [Fig. 1(g)]. The structure of
the 1 × 1-In layer has been elucidated to be very similar to
that of the 1 × 1-Tl layer at the NiSi2/Si(111)1 × 1 surface,
where metal adatoms occupy the T4 sites [49] (Fig. 2(a);
like those in the Tl/Si(111) system [51,52]). As a result,
the electronic band structures of the In/NiSi2/Si(111)1 × 1
and Tl/NiSi2/Si(111)1 × 1 systems are almost identical, as
revealed in the ARPES observations [Figs. 2(b) and 2(c)]. For
comparison of the ARPES data and DFT calculation results
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FIG. 2. (a) Ball-and-stick model of the In/NiSi2/Si(111)1 × 1
phase with 1.0 ML of In. The In atoms are shown by blue balls,
Ni atoms by red balls, and Si atoms by gray balls, having various
sizes and contrast depending on the atomic layer. (b) ARPES spec-
trum from the In/NiSi2/Si(111)1 × 1 surface shown in comparison
with (c) that from the Tl/NiSi2/Si(111)1 × 1 surface. Both surfaces
contain the same coverage of 1.0 ML of adsorbate, In and Tl, respec-
tively. ARPES spectra were recorded at 78 K.

for the In/NiSi2/Si(111)1 × 1 and Tl/NiSi2/Si(111)1 × 1
systems with 1.0 ML of In and Tl, respectively, see the Sup-
plemental Material [53].

However, a certain difference in their properties does ex-
ist. In the case of the Tl/NiSi2/Si(111) system, if the Tl
layer containing ∼2/3 ML is cooled to temperatures below
∼150 K, it converts to a

√
3 × √

3 superstructure with a
honeycomb graphenelike geometry, due to the ordering of the
vacancies [35]. In the case of the 1×1-In layer with ∼2/3 ML
of In on NiSi2/Si(111) [which is formed when the

√
3 × √

3-
In (1/3 ML of In) and 2 × 2-In (1.0 ML of In) domains
occupy equal areas at the initial In/Si(111) surface], upon
cooling to the low temperatures, vacancies become frozen in
the random positions without the formation of any ordered
superstructure.

With increasing In coverage beyond 1.0 ML, a new phase,
having a greater apparent STM height, starts to form and cov-
ers the entire surface at total In coverage of ∼1.5 ML (Figs. 3).
Hence, it can be thought to have hex-

√
7 × √

3-In as a parent

LM 42.1LM 21.1

LM 45.1LM 63.1

)b()a(

)d()c(

1×1-(1 ML)

1×1-(1.5 ML)

1×1-(1.5 ML) 50 eV

300 K

FIG. 3. Set of large-scale (a-d) (400 × 200 nm2) RT-STM
images illustrating the development of the new phase in the
In/NiSi2/Si(111) system with increasing In coverage beyond
1.0 ML, until it covers the whole surface at ∼1.5 ML of In. Insets
in (c) and (d) show the high-resolution (5 × 5 nm2) RT-STM image
and LEED pattern, respectively, which indicate that the new phase
has a 1 × 1 periodicity. All STM images were recorded at −1.0 V
bias voltage, except for that in the inset in (c) recorded at +0.01 V.

counterpart among In layers on the bare Si(111) surface. At
RT, the phase displays a 1×1 structure both in STM and
LEED [see insets in Figs. 3(c) and 3(d), respectively] and
will be referred to hereafter as 1 × 1-In (1.5 ML) in order to
distinguish it from the previous 1 × 1-In (1.0 ML).

Upon cooling to liquid-nitrogen temperatures (e.g., 80 to
110 K), the structure of the 1 × 1-In (1.5 ML) phase under-
goes a dramatic change. In the large-scale low-temperature
(LT)-STM images, the surface structure might look, at a
glance, as akin to the hex-

√
7 × √

3-In surface, having a sim-
ilar striped structure with stripes running along the

√
3 (i.e.,

[1̄01]) directions [Fig. 4(a)]. However, the high-resolution
STM images [Fig. 4(b)] and, especially, the LT-LEED pat-
tern [Fig. 4(c)] clearly show that the surface has its own
specific periodicity, which was elucidated to be 2

√
19 × 2

√
3

[i.e., (6 −4
2 4 ) in matrix notation]. Figure 4(e) illustrates the

relation between the real-space 2
√

19 × 2
√

3 and
√

7 × √
3

lattices, shown in pink and blue, respectively. Figure 4(d)
shows the schematic LEED (reciprocal lattice) built for the
2
√

19 × 2
√

3 lattice. Comparing the LEED schematics with
the experimental LEED pattern [Fig. 4(c)], one can see a clear
correspondence, though some of the reflections are missing in
the experimental LEED pattern. This can be attributed to the
particular form factors of this long-periodic structure, as well
as to an incomplete long-range ordering of the surface, which
can already be noticed in the high-resolution STM image in
Fig. 4(b).

When In coverage is increased further, the next phase starts
to develop [Fig. 5(a)]. It covers the entire surface at total
In coverage of ∼2.5 ML [Fig. 5(b)], and therefore it can be
thought to have a relation to the double-layer rect-

√
7 × √

3-
In phase. Indeed, the In/NiSi2/Si(111) phase with ∼2.5 ML
of In displays the

√
7 × √

3 periodicity, well resolved both
in the high-resolution STM images [Fig. 5(c)] and LEED
patterns [Figs. 5(d) and 5(e)]. The same periodicity and even
certain similarity in the surface structures are especially ap-
parent, when rect-

√
7 × √

3-In phases on the NiSi2/Si(111)
and bare Si(111) surfaces coexist, as in Fig. 5(c), showing the
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FIG. 4. (a) Large-scale (30 × 30 nm2) empty-state (+1.5 V) and
(b) high-resolution (6 × 6 nm2) empty-state (+1.0 V) STM im-
ages and (c) LEED pattern from the In/NiSi2/Si(111) surface with
∼1.5 ML of In cooled to 80 K. (d) Schematic LEED pattern (recip-
rocal lattice) from the 2

√
19 × 2

√
3 lattice. The reflections having

counterparts in the experimental LEED pattern are outlined with the
dashed circles. (e) Schematics illustrating the relation between the
2
√

19 × 2
√

3 and
√

7 × √
3 lattices in the real space, shown in pink

and blue, respectively.

STM image from the surface with an incomplete NiSi2 layer.
In addition, like the bare rect-

√
7 × √

3-In phase, the rect-√
7 × √

3-In phase on NiSi2 does not undergo any structural
changes upon cooling, except improved ordering, as reflected
by the increased brightness of the

√
7 × √

3 LEED pattern
recorded at 80 K [Fig. 5(e)].

Tentative structural model of the rect-
√

7 × √
3-In phase

on NiSi2/Si(111) is shown in Fig. 6(b). It is essen-
tially a double-layer rect-

√
7 × √

3-In model structure
[Fig. 6(a)] [11], which was placed atop a single-layer NiSi2

on Si(111) and was allowed to relax. Relaxation mostly affects
the first In layer adjacent to the NiSi2/Si(111) surface, making
it become slightly distorted. Meanwhile, the outer In layer
has an almost ideal rectangular structure similar to that in the
rect-

√
7 × √

3-In phase on the bare Si(111) surface [11,21].
Simulated STM images for the rect-

√
7 × √

3-In phase on
NiSi2/Si(111) demonstrate a clear correspondence to their ex-

FIG. 5. Large-scale (400 × 300 nm2) filled-state (−1.0 V) STM
images of the In/NiSi2/Si(111) surface with total In coverage of
(a) ∼2.0 and (b) ∼2.5 ML. (c) High-resolution (6.5 × 10 nm2)
empty-state (+0.5 V) STM image, where the region of the rect-

√
7 ×√

3-In phase residing on the bare Si(111) surface (lower part of the
image) coexists with that of the rect-

√
7 × √

3-In phase formed atop
the NiSi2/Si(111) surface (upper part of the image). LEED patterns
from the rect-

√
7 × √

3-In phase formed atop the NiSi2/Si(111)
surface recorded at (d) RT and (e) 80 K. The main reflections in the
LEED patterns are outlined by the yellow circles to guide the eye.

perimental counterparts [Fig. 6(c)], which sounds supportive
for the proposed structural model.

Figure 7 shows electronic band structures calculated in the√
7 × √

3 surface Brillouin zone (SBZ) for the double-layer
rect-

√
7 × √

3-In structures placed on the bare Si(111) surface
and on the single-layer NiSi2 on Si(111). In particular, the
calculated band structure for the rect-

√
7 × √

3-In on Si(111)
[Fig. 7(a)] with a set of metallic bands responsible for the
properties of the nearly free electron metal in the two dimen-
sions appears to be in proper agreement with the previously
reported ARPES data [54] and calculation results [11]. The
addition of the NiSi2 interlayer to the In/Si(111) system
results in the appearance of the two surplus holelike bands
centered in the � point. Their hybridization with the original
In-associated bands (in particular, due to the anticrossing)
modifies the electronic band structure of the system. For
detailed element-projected band structures of In-rect/Si(111)
and In-rect/NiSi2/Si(111) systems, see Fig. 2S in the Supple-
mental Material [53].

Let us now consider the transport properties of the
In/NiSi2/Si(111) systems, starting with those with the single-
atomic In layers, 1 × 1-In and 2

√
19 × 2

√
3-In (Fig. 8). In

particular, Figure 8(a) shows the temperature dependencies
of the sheet resistance of the 1×1-In in the absence of the
magnetic field (brown curve) and with magnetic field of 1.0 T
applied perpendicular to the sample (green curve). At low
temperatures, the system has a sheet resistance of the order of
∼555 Ohm/sq and displays a basic metallic type of conductiv-
ity that stems from the occurrence of the three metallic bands,
two hole bands centered in the � point, and one electron band
with pockets in the K points [Fig. 2(b)]. A slight increase
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FIG. 6. Ball-and-stick models of the double-layer rect-
√

7 × √
3-In structure placed (a) on the bare Si(111) surface and (b) on the single-

layer NiSi2 on Si(111). The In atoms of the first and second layers are shown by dark and light blue balls, respectively, the Ni atoms by red
balls, and the Si atoms by gray balls having various sizes and contrast, depending on the atomic layer. (c) Comparison of the dual-polarity
(±0.2 eV) experimental (left column) and simulated (right column) STM images of the double-layer rect-

√
7 × √

3-In structure placed on a
single-layer NiSi2 on Si(111).

in the resistance when going below ∼15 K is a sign of the
quantum corrections. The increase is logarithmic in temper-
ature, as expected for a two-dimensional (2D) case. One can
see that the resistance increases with applied magnetic field,
indicating the weak antilocalization (WAL) effect [55].

The 2
√

19 × 2
√

3-In layer expectedly demonstrates
stronger metallic properties in comparison with those of the
1 × 1-In layer, since it has a greater density of the metal
atoms in the In layer. The sample has a significantly lower
resistance of the order ∼150 Ohm/sq, which is almost linear
in temperature [Fig. 8(b)], and which corresponds to the
effect of strong electron-electron interaction. In this system,
the contribution of the WAL effect, which shows up in the

FIG. 7. Electronic band structures calculated in the
√

7 × √
3

SBZ for the double-layer rect-
√

7 × √
3-In structures placed (a) on

the bare Si(111) surface and (b) on the single-layer NiSi2 on Si(111).
Orbitals associated with In and Ni are indicated in blue and red,
respectively. Shaded regions indicate projected Si bulk bands.

increase of the resistance in the magnetic field, appears to
be less sufficient compared to the effect produced by the
electron-electron interaction.

Transport properties of the double-layer rect-
√

7 × √
3-In

phase seem to be of especial interest due to the occurrence
of the 2D superconductivity. In the present experiments, we
conducted low-temperature sheet-resistance Rs(T ) measure-
ments for both possible environments of the rect-

√
7 × √

3-In
phase, i.e., those with rect-

√
7 × √

3-In on the bare Si(111)
and Si(111) covered by a single-layer NiSi2 sheet (Fig. 9). In
general agreement with the previously reported
data [29,31,33], the rect-

√
7 × √

3/Si(111) sample displays
the normal-phase sheet resistance Rn of ∼50 Ohm/sq
and transition into the superconducting state at a critical
temperature Tc ∼ 2.9 K (red curves in Fig. 9). The critical
temperature was determined at a level of 50% of the resistance
in the normal state on a plateau above the temperature of

FIG. 8. Temperature dependencies of the sheet resistance of the
single-atomic-layer In films on the NiSi2/Si(111) substrate, (a) 1×1-
In and (b) 2

√
19 × 2

√
3-In, in the absence of the magnetic field

(brown curves) and with magnetic field of 1.0 T applied perpendicu-
lar to the sample (green curve).
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FIG. 9. Comparison of the transport properties of the double-
layer rect-

√
7 × √

3 phase on the bare Si(111) (red curves) and
Si(111) covered by a single-layer NiSi2 sheet (blue curves) in the
temperature ranges of (a) 2.3 to 45 K and (b) 2.3 to 5.0 K. The
dashed red and blue curves in (a) represent the extrapolation of the
experimental dependencies to the higher temperatures, as a sum of
three terms, constant due to the residual resistance, linear dependence
due to the electron-electron interaction, and power-law dependence
due to the electron-phonon interaction. The yellow curve in (a) shows
the resistance difference for the rect-

√
7 × √

3/NiSi2/Si(111) and
rect-

√
7 × √

3/Si(111) samples.

the superconducting transition. The normal-phase resistance
of the rect-

√
7 × √

3/NiSi2/Si(111) sample (blue curves in
Fig. 9) is about twice greater, while the critical temperature
shifts to the lower temperature, ∼2.4 K. The shapes of the
Rs(T ) dependencies near the transition temperature for the
two samples have also noticeable qualitative differences, as
illustrated in Fig. 9(b). In particular, while the resistivity drop
for the rect-

√
7 × √

3/Si(111) sample is steep, in the case
of the rect-

√
7 × √

3/NiSi2/Si(111) sample, it is apparently
more sloping. Namely, the transition width determined
using the “10-90” criterion as �Tc = T1(0.9Rn) − T1(0.1Rn)
is 0.054 and 0.58 K for the rect-

√
7 × √

3/Si(111) and
rect-

√
7 × √

3/NiSi2/Si(111) samples, respectively. Note
that for the rect-

√
7 × √

3/NiSi2/Si(111) sample, the
T1(0.1Rn) was estimated through extrapolation of the
experimental dependence to the lower temperatures.

Lowered critical temperature and increased transition
width are the typical signs of the presence of the magnetic
impurities in the metallic film [56,57]. Nickel is the only mag-
netic element present in the rect-

√
7 × √

3/NiSi2/Si(111)
sample. However, the occurrence of its magnetic properties
depends on its chemical environment. The NiSi2 is known
to be a nonmagnetic material in the bulk form [58]. The
present DFT analysis also does not reveal any indication
of magnetism for the rect-

√
7 × √

3/NiSi2/Si(111) system.
However, there are a number of InNi alloys possessing mag-
netic properties [59]. Thus, it can be suggested that some of
the Ni atoms from the NiSi2 atomic layer might dissolve into
the rect-

√
7 × √

3-In double layer and act as magnetic impu-
rities. Note that concentration of the magnetic Ni atoms might
be quite small, as the effect of the decrease of the critical
temperature δT/Tc0 is of the order of −cεF /kBTK , where c
is the concentration of the magnetic impurity, εF is the Fermi
energy, TK is the Kondo temperature, and kB is the Boltzmann

constant [56]. The value of εF /kBTK � 1, as the Fermi energy
is about 6.9 eV for the rect-

√
7 × √

3 [54], while the Kondo
temperature is of the order of 100 K, as we can see later.

The yellow curve in Fig. 9(a) shows the difference be-
tween the sheet-resistance temperature dependencies of the
rect-

√
7 × √

3 on the NiSi2 and Si(111) surfaces, �R. The
saturation of �R towards zero temperature suggests the pres-
ence of the Kondo effect. For the quantitative estimation of the
Kondo parameters, we follow the results of [60], which show
that the scaled resistivity RK (T )/RK (0) follows almost identi-
cal universal functions of T/TK . As a possible way to estimate
the Kondo temperature, we used the Anderson model for the
low-temperature Fermi-liquid regime [61], which yields the
lower limit for the Kondo temperature of TK ≈ 115 K.

IV. CONCLUSIONS

In conclusion, we have grown single- and double-atomic-
layer In films atop a single-layer NiSi2 on Si(111) and
explored their structural, electronic, and transport properties
using a set of experimental techniques, including LEED,
STM, ARPES, and low-temperature 4PP conductivity mea-
surements, in conjunction with the DFT calculations. It has
been found that each of the three In phases forming on the
NiSi2/Si(111) substrate has its definite counterpart among the
In phases forming on the bare Si(111) surface. In particular,
the single-atomic-layer 2 × 2-In structure with 1.0 ML of In
on Si(111) can serve as a counterpart for the 1 × 1-In phase
grown on NiSi2/Si(111), which also adopts 1.0 ML of In, but
has a different structure which appears to be similar to that
of the Tl atomic layer on Si(111). In turn, the other single-
atomic-layer In phase on Si(111), namely, hex-

√
7 × √

3-In
having ∼1.4 ML In coverage, can be considered as a counter-
part for the In layer forming on NiSi2/Si(111) at ∼1.5 ML of
In. At RT, this layer displays, in LEED and STM observations,
a 1 × 1 structure, which converts upon cooling to the striped
structure having the 2

√
19 × 2

√
3 periodicity. The double-

atomic-layer In film grown on NiSi2/Si(111) at ∼2.5 ML of
In appears to be structurally akin to the double-atomic-layer
rect-

√
7 × √

3-In phase forming on the bare Si(111) substrate.
Like the rect-

√
7 × √

3-In phase, it also demonstrates super-
conducting properties, albeit less advanced. A side effect of
the double-atomic-layer In phase formation on NiSi2/Si(111)
resides in the plausible dissolution of small amounts of Ni into
the In layer, where Ni atoms due to the In environment become
magnetic. The presence of magnetic impurities results in the
shift of the superconducting critical temperature towards the
lower temperatures and increased transition width.
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