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Electron—phonon interaction in the Si(111)-supported rectangular v/7 x v/3 phases of In is investigated
within the density-functional theory and linear-response. For both single-layer and double-layer /7 x
V3 structures, it is found that the phonon-induced scattering of electrons is almost exclusively
determined by vibrations of In atoms. It is shown that the strength of electron—phonon coupling at the
Fermi level A(Ef) increases almost twofold upon adding the second In layer. One of the reasons is that
additional low-frequency modes appear in the phonon spectrum, which favors a strong enhancement of
MEF). The agreement of the calculated parameter A(EF) = 0.99 for a double-layer structure as well as the
superconducting transition temperature T. = 3.5 K with experimental estimates indicates that the discovered
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superconducting phase is probably a double-layer rectangular /7 x v/3-In structure on Si(111) with a cover-
age of 2.4 ML. This conclusion is also supported by good agreement between the calculated electron band
structure and ARPES measurements.
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Introduction

coupling parameter was roughly estimated from the
temperature-dependent photoemission spectra. The obtained
unusually high value of 4 ~ 1 is very close to the e-ph coupling
parameter in bulk In. Later, scanning tunnelling spectroscopy
(STS) measurements** showed that the Si(111)-v/7 x v/3-In
surface becomes superconducting at about 3.18 K, which is
close to the bulk value of T, = 3.4 K.

The discovery of superconductivity was followed by the
demonstration of macroscopic superconducting currents on
the Si(111)-v/7 x v/3-In surface.’® The transition temperature
determined from measurements of direct electron transport'?
and conductivity,'® T, = 2.8 K, turned out to be slightly lower
than the value obtained from the opening of a superconducting

Along with advances in nanotechnology, low-dimensional
materials have attracted much attention due to their two-
dimensional (2D) physical properties."” An important class of such
2D systems is formed by ultrathin metal films grown on semi-
conductor substrates, which are especially interesting because of
the discovered two-dimensional superconductivity.*'®* Among
them, various structures of indium on a silicon substrate, in
particular, on Si(111) with v/7 x /3 lateral periodicity,"*>* forming
a well-defined nonreactive interface,” have been intensively
studied experimentally.'**7>>%

The rectangular /7 x /3 phase exhibits 2D electronic
features with metallic transport properties down to several

Kelvin.>>?® In the angle-resolved photoemission spectroscopy
(ARPES) study,” not only the band structure of the metallic
phase was clarified, but also the electron-phonon (e-ph)
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energy gap.' Further study of electron transport on the Si(111)-
V7 x v/3-In surface®® confirmed that T, is in the range from
2.64 to 2.99 K, which is consistent with previously determined
values."*"?

As for the e-ph coupling parameter, it was estimated® not
only at the Fermi level (Eg), but was also obtained for several 2D
metallic states on the Si(111)-y/7 x v/3-In surface from the
temperature dependence of the surface state energy width."”
The extracted A’s vary from 0.8 to 1.0 and are close to the value
for bulk indium, A = 0.9 + 0.1.%°

It is known that there are two different v/7 x v/3 structures
of In on Si(111), hexagonal and rectangular. Both phases
coexist'® and can be topographically distinguished in scanning
tunnelling microscopy (STM) experiments.'®*° The rectangular
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structure is thermodynamically stable,®® while the hexagonal
phase has been shown to be metastable.”” The metallic
behavior*®?® and the superconducting gap'* were observed
precisely in the rectangular v/7 x /3 phase.

An important question concerns the number of In layers
that form the /7 x v/3 structure on the silicon surface, i.e.
whether it consists of a single layer of In atoms or contains
several layers. It was initially assumed that this phase is one
atomic layer thick (1.2 ML).'>***' However, further density-
functional theory (DFT) calculations®***?*® as well as X-ray
photoemission spectroscopy®® showed that the rectangular
V7 x v/3 phase represents a double-layer (2.4 ML) In film on
Si(111) while the hexagonal v/7 x /3 structure corresponds to a
coverage of 1.2 ML.** It was found that the double-layer In film is
energetically more favourable and reproduces the measured
photoemission band structure well, in contrast to the single-layer
model.>**** Recently, a quantitative analysis of X-ray and
low-energy electron diffraction (LEED) spectra verified the double-
layer model of v/7 x +/3-In with a rectangular arrangement.*”

Although extensive studies have been carried out on the
superconductivity of In films on Si(111) using various experi-
mental tools, an accurate quantitative description and analysis
of the e-ph coupling in the Si(111)-supported v/7 x v/3-In films
is still lacking. Therefore, it seems useful to study the e-ph
interaction, as well as analyze how the e-ph coupling changes
when another In layer is added. This is especially important in
connection with the question of the number of In layers that
form the v/7 x v/3 structure on the Si(111) surface.

Here we present the results of a first-principles study of the
lattice dynamics and the pairing strength in the e-ph scattering
processes for both single-layer and double-layer v/7 x v/3-In
structures on Si(111). First of all, we calculated the e-ph coupling
constant and Eliashberg spectral function, averaged over
electron momentum at the Fermi energy. Then, the super-
conducting transition temperature was estimated by solving the
linearized gap equation. We also analyze the state-dependent
strength of e-ph interaction in several In electronic bands.

Calculation details
Method

The strength of electron-phonon interaction averaged over
electron momentum at Ey is defined as®®

MER) = J:O},(EF; w)dw = ZJ: (P F(Er;0)/o)do, (1)
where
L F(Ep;0) = @Zé(w — wg)

q.v

2
O (exrqt — EF)

X Z O(exi — EF)‘gZ‘:rqf,ki
kit

is the Eliashberg spectral function. Here g#!es; is the e-ph
matrix element, & and &4 are energies of initial (i) and final

7956 | Phys. Chem. Chem. Phys., 2021, 23, 7955-7960

View Article Online

PCCP

(f) electronic states, and N(Ey) is the density of electronic states.
The summation is carried out over all combinations of electro-
nic states (ki) and (k + gf) and phonon modes (qv). The
calculation of A(Eg) is difficult because of the slow convergence
of the sum over (ki). Therefore, it is more convenient to use a
rather coarse but suitable k-point grid®” for calculating pho-
nons and a dense k-point mesh for summation over electronic
states at the Fermi level. In our study, for averaging the e-ph
parameter over electron momentum, we used a (48 x 48 x 1)
k-point grid corresponding to 601 special points in the irredu-
cible part of the surface Brillouin zone (SBZ).

To calculate the e-ph coupling parameter for a specific
electronic state with momentum k and band index i, /4, the
corresponding state-dependent Eliashberg spectral function is
used:

2
P Fi(w) = Z O (ekqf — ki) d(w — wg)

q.v.f

ql/
Skrqf ki

in eqn (1). Here the quasielastic approximation is used: o(gx:q¢
— &ki T Og) X O(erigr — ki)-

All calculations were carried out within the density-functional
formalism and the local density approximation®® in the mixed-
basis approach.®*~*! The scheme employs a combination of local
functions and plane waves to represent valence states.***° The
norm-conserving pseudopotentials were constructed according
to the scheme proposed by Vanderbilt,”* with the inclusion of
indium semicore 4d states in the valence shell for greater
accuracy. By using d-type local functions at each atomic site of
In, the cutoff energy for plane waves can be reduced to 20 Ry
without loss of accuracy. Dynamical properties were calculated
using the linear response technique.*? Integrations over the SBZ
in the self-consistent calculations were performed by sampling a
uniform (12 x 12 x 1) k-point mesh®” corresponding to 43
points in the irreducible part of SBZ, in combination with a
Gaussian broadening with a smearing parameter of 0.05 eV.

Since e-ph matrix elements for a fixed electronic state display
rather significant variations throughout the SBZ, the sum over
wave vectors requires a dense mesh of g-points. So, we first
calculated the e-ph matrices using a 12 x 12 x 1 g-point grid.
Then, to check the convergence, we used a denser 48 x 48 x 1
g-point mesh. For the additional g vectors, the matrix elements
were calculated using a Fourier interpolation scheme for the
change of the self-consistent potential with respect to atomic
displacements as well as for the dynamical matrices. The differ-
ence in /s, obtained on the two grids, does not exceed 0.04.

Structural parameters

The silicon substrate is modelled by periodically repeating two
Si(111) bilayers separated by a vacuum gap of ~ 12 A. The lattice
constant is first fixed at the theoretical bulk Si lattice parameter
a = 5.402 A obtained by total-energy minimization which is a bit
smaller than the experimental value,** Qexp = 5.43 A. Indium
atoms are then deposited on top of the substrate according to
the atomic arrangement proposed for single-layer’® and

double-layer*® /7 x v/3-In rectangular phases on Si(111) (see
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Fig.1 (a and b) Top view of (a) the single-layer'® and (b) the double-
layer®® rectangular models for /7 x v/3-In structure on Si(111). Big circles
correspond to In atoms. Si atoms are shown by full (in the first substrate
layer) and open (in the second layer) small circles. The colour assignments
are as follows: brown (grey), In atoms in the interface (top) layer; green, Si

atoms of the substrate. The dashed line indicates the v/7 x v/3 unit cell.
(c) The surface Brillouin zones of the v/7 x v/3 unit cell.

Fig. 1). The silicon dangling bonds at the bottom of the slab are
saturated with hydrogen atoms.

The bottom Si atoms and hydrogen are held fixed to simu-
late the bulk environment. The H-Si distance was obtained in
the calculation for a Si(111) film saturated with H on both
sides. All other atoms are allowed to move both in-plane and
along the stacking direction until the forces are less than
0.025 €V A™'. Some optimized structural parameter are given
in Tables 1 and 2 together with available data from other first-
principles calculations®”** and experiments.'*>*

The single-layer v/7 x /3 unit cell contains six In atoms.
With this coverage, equivalent to 1.2 ML, the atomic density in
the adlayer is almost the same as in the bulk In(001) layer. The
In atoms are arranged in a slightly distorted close-packed
rectangular lattice. They are not equivalent with respect to the
underlying substrate: only two of them are located exactly above
the Si atoms from the upper layer. As a consequence, the
adlayer appears slightly buckled; the calculated average value

Table 1 Single-layer (1.2 ML) v/7 x v/3-In on Si(111): lateral distances (in A)
between In atoms, d,_in{xy}, and the height difference between atoms at
the interface, Az, _s;. For Az both maximum (max) and averaged (av) values
are given

Present calc. STM™®
din-infxy} Fi(_)% 3.18 3.2
112 3.27 3.326
Azpn_si (max) 2.67 2.8

(av) 2.55

Table 2 Double-layer (2.4 ML) v/7 x v/3-In on Si(111): lateral distances (in
A) between In atoms in the top and subsurface layers, din_in{xy}. The height
difference is given both for atoms at the interface, Az,_s;, and between In
layers, Azjn_in

Present calc. LEED* DFT*° DFT*?
Py} [110] 3.23 3.23 3.18
[112] 3.31 3.35 3.47
&5 oy [110] 3.24 3.22
[112] 3.34 3.43
AZinin (av) 2.40 2.32 2.42 2.40
Azisi (av) 2.56 2.545 2.60 2.58
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of 0.2 A is close to the buckling obtained in the STM experi-
ment, 0.25 AL

In the double-layer model,* the second-layer In atoms were
initially located at the hollow sites of the first quasi-rectangular
In layer like in the case of the In(001) surface. The optimized
In-In interlayer spacing, on average, 2.40 A, is slightly
shorter than the interlayer distance for the In(001) surface,
2.47 A. The interface spacing practically does not change
when the second In layer is added. The calculated averaged
buckling in the top In layer, 0.014 A, is substantially
smaller than the value obtained for the single-layer v/7 x /3
structure.

Results and discussion

Fig. 2(a and b) show the calculated band structure for both the
initially proposed single-layer and double-layer models,
together with the experimental ARPES data.”® The calculated
and measured Fermi levels coincide in the figures. The SBZ
symmetry points are given in Fig. 1(c). As one can see in both
cases the band structure has a metallic character with several
bands crossing Er. A detailed description of the band spectra
can be found in ref. 30 and 34, where it was reported that the
double-layer In structure reproduces the experimental dispersions
much better than the single-layer +/7 x v/3-In model. The
calculated energy bands for a single v/7 x v/3-In layer on Si(111)
are qualitatively different from the ARPES experimental data for
the rectangular structure.>

First, we estimated the momentum-averaged e-ph interaction
at the Fermi level of both structures. The calculated values for
a single-layer, A'"™(E;) = 0.46, and double-layer v/7 x v/3-In
structures on Si(111), 22M(Ey) = 0.99, show that the strength of
e-ph coupling becomes two times larger when a second In layer
is added. The value of A(Eg) for the double-layer model is
consistent with the e-ph coupling strength estimated in the

Fig. 2 (a and b) Calculated band structure of the /7 x /3 rectangular
phase for (a) 1.2 ML and (b) 2.4 ML of In on Si(111). Filled (orange) circles
show electronic bands formed mainly by In orbitals. The In electronic
states, for which the e—ph coupling strength is calculated, are marked by
open circles. Stars represent the ARPES bands reported in ref. 25.
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variable-temperature ARPES measurements,” A ~ 1, and
slightly less than the e-ph coupling constant obtained from
the analysis of the transport properties of the Si-v/7 x v/3-In
surface, A(Eg) = 1.2.>° This value is also close to the bulk indium
parameter, A(Eg) = 0.9 + 0.1.%°

One of the factors determining 4 is the phase space, that is,
the number of electronic states available for scattering pro-
cesses. However, the density of electronic states at the Fermi
level in these structures, N(Ey), is practically the same; the
difference is only 5%.

Another factor is related to lattice vibrations and e-ph matrix
elements. The calculated phonon density of states for both
/7 x v/3-In structures on Si(111) is presented in Fig. 3(a and b).
The phonons associated with displacements of In atoms lie below
14 meV, while vibrations of the substrate atoms occupy the
high-frequency region up to 72 meV. The most significant
difference is that when a second In layer is added, additional
modes appear in the phonon spectrum associated with the
motion of adatoms. The arising low-frequency vibrations lie below
the edge of the phonon spectrum for the single-layer case, thereby
contributing to a significant increase in A(Eg).

From the spectral decomposition of A(Eg)’'s shown in
Fig. 3(c), it is obvious that for both structures the phonon-
mediated scattering of electrons is actually determined by the
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vibrations of In adatoms. The substrate-localized modes
involved in the e-ph coupling are high-frequency vibrations,
and / scales approximately as 1/m?.

In the case of a single v/7 x /3-In layer on Si(111), all bands
near the Fermi level are, in a varying degree, a hybridization of
In orbitals with Si states from the topmost valence band, which
indicates a considerable effect of the substrate on the for-
mation of quantum well states in the one-atom thick adlayer.
The electronic bands that provide A(Eg) are formed by In states
of either s, p, or p, character coupled to p, orbitals of atoms
from the substrate surface layer (dangling bonds).

Another feature of the single-layer v/7 x /3 structure on
Si(111) is that the contributions to A(Ey) from vibrations of
different In atoms are not identical, but strongly depend on the
position of the adatom relative to the underlying Si surface
layer. The e-ph interaction is actually determined by the
vibrations of the In atoms, which are located in the top (or
nearly top) sites of the Si(111) surface and form a covalent bond
with an underlying substrate atom.

Besides the e-ph coupling parameter averaged over the
electron momentum at the Fermi level, we also analyzed
phonon-mediated transitions for some specific electronic states
in the band crossing Er near the SBZ center (B0). The states are
marked by open circles in Fig. 2(a). The obtained spectral
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0 2 4 6 8 10 12 14 16
Phonon energy (meV)

1.6 P P16
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Fig. 3 (a and b) Phonon density of states Flw) for (a) 1.2 ML and (b) 2.4 ML of In on Si(111). Hatched areas show the contribution of In-localized modes.
(c) Spectral decomposition of the e—ph coupling parameter at the Fermi level, A(Er;w) for both structures. (d and e) Spectral decomposition of A, for
electronic states (d) S°, (e) $* and S° (see Fig. 2(a and b)). The inset in (d) gives the momentum dependence of 4 for electronic states in the BO band.
(f) The momentum dependence of A for electronic states marked by open circles in Fig. 2(b).

7958 | Phys. Chem. Chem. Phys., 2021, 23, 7955-7960

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d0cp05234e

Published on 05 January 2021. Downloaded on 3/19/2026 9:37:09 PM.

PCCP

function /g(w) for state S° is shown in Fig. 3(d) as a typical
example. Obviously, the modes that determine the e-ph cou-
pling are shear-vertical (perpendicular to the surface) vibrations
of In atoms (4-7 meV). The contribution of optical modes
characterized by the in-plane motion of In and substrate atoms
is almost completely suppressed. This is largely due to the
orbital composition of this electron band, with the prevalence
of p, orbitals of both In and Si at the interface. Thus, the
overwhelming contribution is made by the states that determine
the adhesion of the adlayer and the substrate. The Az’s for all
states marked with open circles are shown in the inset of Fig. 3(d).
As can be seen, the strength of e-ph interaction varies between 0.3
and 0.5. The value A = 0.51 is a bit larger than the e-ph
parameter averaged over electron momentum, 2'™(Ey) = 0.46.

When a second In layer is added, all bands around the Fermi
level are entirely composed of In orbitals. The In-induced
electronic states that prevail in the e-ph scattering are of s,
Px() (01 s, p;) type in the top layer and take on a p, character in
the second layer. Thus, it is the states that are responsible
for the metallic in-plane bonding in the adlayers that determine
the e-ph scattering. Unlike the single-layer v/7 x /3 structure,
the contributions to A(Eg) from vibrations of different In atoms
are the same, regardless of the layer and the position of the
adatom in the layer.

We also calculated the e-ph coupling parameters for a
number of electronic states in the T'Y symmetry direction,
marked with open circles in Fig. 2(b). The obtained /’s are
shown in Fig. 3(f), and the spectral functions /4(w) for two
states, S and S°, are given in Fig. 3(e). The strength of electron-
phonon interaction for several specific electronic states has
also been previously estimated experimentally by Uhm et al. in
ref. 17.

S' is a state of s, p, character and is mostly localized in the
top In layer, while the S state is largely derived from the in-plane
In-In bonding at the interface. The spectral function (see
Fig. 3(e)), reveals that modes characterized by vertical displacements
of In atoms still play an important role in the e-ph scattering,
but, unlike a single-layer structure, the contribution of
longitudinal plane vibrations of adatoms becomes noticeable.
The calculated e-ph coupling parameters, Ag: = 0.94 and Ag2 ~
1, are very close to the values (0.8-1.0), extracted from the slope
of the temperature-depended linewidth."”

All states in the B3 band are localized in both In layers and
consist predominantly of orbitals of the s, p,-type. However,
when approaching the SBZ center, a hybridization of In orbitals
with Si states from the topmost valence band increases. The
strength of e-ph coupling in the B3 band is generally moderate
and ranges from 0.5 to 0.6 (1ss = 0.61). The corresponding
spectral function shows that the contribution of low-energy
(mainly shear-vertical) vibrations of In atoms is significantly
reduced. This suppression of the lower-energy motion of adatoms
contributes to a decrease in lambda by almost a factor of two.

For the rectangular v/7 x v/3 phase of In on the Si(111)
surface, STS measurements'* demonstrated a transition to
the superconducting phase at T, = 3.18 K, while the conductiv-
ity measurements'>*® showed T = 2.8 K. We have estimated 7T,
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by solving the linearized gap equation of the Eliashberg
theory*® with a standard value of 0.1 for the Coulomb pseudo-
potential u*. For a single-layer structure, as expected, the
calculated temperature is very low, T. ~ 0.6 K due to the small
value of /(Eg). For a double-layer structure, the estimation of
the superconducting transition temperature gave 7. = 3.5 Kin a
good agreement with the experimental value'* of 3.18 K and
close to T, = 3.4 K for bulk In. Thus, it is most likely that the
superconducting phase is a double-layer rectangular In struc-
ture on Si(111) with a coverage of 2.4 ML.

Conclusions

We have presented the results of a first-principles study of the
electron-phonon coupling in the single-layer and double-layer
V7 x v/3-In rectangular structures on Si(111). The obtained
values 2'"™(Eg) = 0.46 and 2(™(E;) = 0.99 show a significant
difference in the phonon-mediated transitions of electrons in
the two structures.

It was found that, in both cases, the scattering of electrons is
controlled by vibrations of In atoms. The phase space available
for scattering processes at the Fermi level is practically the
same in both cases, but this does not apply to the lattice
dynamics. In the case of a double In layer, additional low-
frequency vibrations arise, which contributes to a significant
increase in the e-ph coupling strength as compared to a single-
layer structure, where 4'"™(E) is almost two times less than the
value observed experimentally. Not only 22!™(Ey), but also the
calculated superconducting transition temperature 7. = 3.5 K
indicate that the observed experimentally superconducting
phase'* is probably a double-layer rectangular v/7 x v/3 In
structure on Si(111) with a coverage of 2.4 ML.
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