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Abstract: The electronic structure of the Pt/Au(111) heterostructures with a number of Pt monolayers
n ranging from one to three is studied in the density-functional-theory framework. The calculations
demonstrate that the deposition of the Pt atomic thin films on gold substrate results in strong
modifications of the electronic structure at the surface. In particular, the Au(111) s-p-type Shockley
surface state becomes completely unoccupied at deposition of any number of Pt monolayers. The Pt
adlayer generates numerous quantum-well states in various energy gaps of Au(111) with strong
spatial confinement at the surface. As a result, strong enhancement in the local density of state at the
surface Pt atomic layer in comparison with clean Pt surface is obtained. The excess in the density
of states has maximal magnitude in the case of one monolayer Pt adlayer and gradually reduces
with increasing number of Pt atomic layers. The spin–orbit coupling produces strong modification of
the energy dispersion of the electronic states generated by the Pt adlayer and gives rise to certain
quantum states with a characteristic Dirac-cone shape.
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1. Introduction

The heterostructures consisting of the Au, Ag, Cu noble metal substrate and the late d-metal
adsorbate—Ir, Ni, Pt, Pd and other heavy elements with the degree of coverage from one atom to
several monolayers (MLs)—have been actively studied for the last two decades [1–14]. The interest
to these systems can be explained by the possibility of exploiting them in chemical industry, namely,
in heterogeneous catalysis. It is known that the properties of two-dimensional systems can drastically
differ from the properties of their bulk counterparts due to structural and electronic effects [15,16].
Frequently, the degree of coverage plays a crucial role in these effects. A striking example of such
situation is the Pt/Au(111) heterostructure with the Pt adsorbate thickness varying from one to several
atomic layers. In general, favorable catalytic activity, resulting in strong enhancement in rates of certain
oxidation reactions, of thin Pt films deposited on Au has been found [17–28].

On the other hand, heterostructures containing as a substrate a heavy metal and several
atoms/monolayers of metallic adsorbate demonstrate unique properties caused by spin–orbit
interaction that may be attractive for spintronics, a research field experiencing explosive development
nowadays. A well-known example is the Bychkov–Rashba splitting effect consisting of lifting of a spin
degeneration in two-dimensional systems due to spin–orbit interaction [29]. Large Bychkov–Rashba
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splitting is characteristic for surface states of both noble and late d-metals such as Au and Pt, and other
heavy metals [30–39]. Moreover, the heterostructures based on light noble metals (Cu and Ag) and
heavy metal adsorbate such as Bi and Pb have a giant spin–orbit splitting of surface states noticeably
larger than in pristine materials [40–43]. The main reason for this giant splitting is the occurrence of
a local potential gradient at the surface of such heterostructures that does not exist inside the bulk
materials with inversion symmetry.

In atomically thin films, the spatial confinement in the direction perpendicular to the film surface
leads to the quantization of the electronic states. The resulting quantum-well states (QWSs) [15,44–48]
were intensively studied during last decades. It was demonstrated that many properties of thin films
may depend of their thickness due to modulation of the density of states at the Fermi level. This effect
was mainly investigated in films consisting of simple metals [49–67].

Frequently, the quantization of electronic states in thin films in the direction perpendicular to
surface can be understood rather well in the framework of a semiclassical description based on a
Fabry–Perot-type approach [15]. Even though the potential corrugation at the interatomic scale caused
by the atoms can have some effect [68–70], this basic picture for description of quantization of the s-p
electronic states still can be valid. However, many important materials have an electronic structure
being far different from a quasi-free-electron-like picture. For instance, a proper description of localized
d-like electronic states is possible only employing the first-principles calculation methods. In particular,
nowadays, the density functional method allows studying in detail the atomic and electronic structure
of almost any moderately correlated system. This is particularly important for materials having the
d electrons at the Fermi level since, in catalytic materials, the number of charge carriers at the Fermi
level plays an important role, the large density of them ensuring a higher reaction rate and strength of
catalytic reactions [71].

In this work, we investigate the formation of electronic states in thin Pt films deposited on the
Au(111) substrate. From comparison of the electronic structure of the Pt(111) and Au(111) surfaces,
one can observe a strong mismatch between positions of the band gaps in the projected bulk electronic
structures of these materials. As a result, the electrons related to platinum atoms are reflected from
the gold substrate by its energy gaps. Together with scattering produced by the potential barrier
from the vacuum side, this introduces the necessary conditions for realization of the QWSs. Since the
electronic states in Pt in the Fermi level vicinity are mainly of the d character, they present strong
localization at the surface. In turn, this produces strong modification in the density of states in the
surface region. Studying Pt-derived QWSs at different regions of the surface Brillouin zone (SBZ), we
find distinct formation character. We also investigate in the Pt/Au(111) heterostructures the effect of
spin–orbit interaction on the electronic states localized at the surface since despite many experimental
and theoretical studies devoted to these systems with adsorbate thickness of several MLs, the effect of
the spin–orbit interaction on the electronic structure of these systems was not addressed.

The rest of the paper is organized as follows: in Section 2, we describe some details of the ab initio
calculation of the surface electronic structure in the slab configuration. The calculated results and their
discussion are reported in Section 3. The main conclusions of this work are presented in Section 4.
Unless otherwise stated explicitly, atomic units (h̄ = e2 = me = 1) are used throughout the paper.

2. Calculation Method

The calculations were performed within the framework of the density functional theory employing
a pseudopotential method implemented in the VASP (Vienna Ab-initio Simulation Package) code
[72,73]. For description of the exchange-correlation effects, the local density approximation was used
in the Ceperly–Alder parametrization [74].

The 5d106s1 and 5d96s1 configurations for the valence electrons in Au and Pt, respectively, were
used. Self-consistency of the electron density was carried out on a 11 × 11 × 1 grid of k-points
constructed by the Monkhorst–Pack scheme [75]. For all calculations, we used the criterion of
convergence with respect to the total energy to 10−8 eV.



Materials 2017, 10, 1409 3 of 21

The optimized bulk lattice parameters are a0 = 4.04 Å for Au and a0 = 3.90 Å for Pt. The calculated
lattice constants are in good agrement with the experimentally determined values a0 = 4.045 Å [76] for
Au and a0 = 3.924 Å [77] for Pt. The clean Pt(111) and Au(111) surfaces of a semifinite crystal were
simulated with a 23-layer film. The same number of layers was employed for the description of the
gold substrate in the case of nML-Pt/Au(111) systems, where the Pt adlayers consisting of n atomic
layers were placed on both sides of the slab. The in-plane lattice parameter for the Pt adlayers was
chosen to be equal to the Au bulk constant. For each system, we performed optimization of the vertical
atomic positions in the Pt adsorbate layers and four outer layers of the Au substrate on each side of
the film. Atomic positions of fifteen internal Au atomic layers were frozen. In order to estimate a
possible effect of the lateral lattice contraction in Pt monolayers, we calculated the electronic structure
of free-standing 3 ML Pt films with the Pt and Au lateral lattice parameters. The energies of the Pt
QWSs in both calculations differ less than 0.15 eV. The same modification of energies of these states
can also be expected in Pt/Au(111) systems.

3. Results and Discussion

3.1. Clean Pt(111) Surface

Since a limiting case of a large number of the atomic layers in a Pt slab is a clean Pt(111) surface,
we start with presentation of its calculated electronic structure in Figure 1 for the reference. In panels (a)
and (b), the Pt(111) surface electronic structures calculated without (WSOC) and with (SOC) inclusion
of the spin–orbit coupling, respectively, are shown. The figure demonstrates that the bulk electronic
states of mainly d character dominate the electronic structure of this material at the Fermi level.
Such states intersect the Fermi level in all symmetry directions of the SBZ. This is explained by the
presence in Pt of a partly filled valence d band containing only nine electrons. On the other hand,
the electronic states at energies above ≈ 0.5 eV are of mainly s-p character.
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Figure 1. The electronic structure of the Pt(111) surface calculated for the 23 monolayer thick slab
without (a) and with (b) spin–orbit interaction. The surface states and resonances are indicated by red
dots. The surface states discussed in the text are labeled by symbols. In (a) and (b), the continuum
of the projected bulk electronic states is indicated by the grey color. In (c), the layer density of states
(LDOS) is shown for the top four (labeling of atomic layers starts from the surface (S) one) and the
central (C) atomic layers. Solid (dashed) lines show LDOS obtained from the calculation with (without)
spin-orbit coupling. Blue regions show the excess of LDOS in a given layer in comparison with the
bulk values.

In the WSOC projected bulk electronic continuum shown in grey in Figure 1a, there are several
energy gaps in which one can observe surface states with wave functions localized at the surface and
decaying in both the vacuum and the crystal inside directions. Thus, above the Fermi level around the
Γ point, a totally unoccupied s-p-type surface state Γ1 characterized by a free-electron-like up-ward
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dispersion resides in a wide energy gap. It is located very close to the upper edge of the projected
bulk states continuum and its energy position at Γ is 0.17 eV above the Fermi level. The charge density
distribution of this surface state presented in Figure 2 confirms its spatial confinement to the surface
region although its penetration into the crystal is significant and is notable even in the fifth atomic layer.
Such empty s-p surface state was observed on the (111) surfaces of Pt [78–80] and Pd [81–83]. On the
contrary, we do not find any surface state in the energy gap at the K point at energies above −0.1 eV.

(a)

(b)

(c)

(d)

Figure 2. Charge density distribution of (a) Γ1, (b) Γ2, (c) M3, (d) K4 surface states on clean Pt(111) surface
obtained from the WSOC calculation. The Pt atomic positions are shown by grey dots.

It can be deduced from Figure 1a that, in the WSOC case, in the occupied part of the spectrum
there are surface states of the d type along all symmetry directions. Thus, at Γ in a symmetry energy
gap for the d states extending from −3.47 to −1.78 eV, we find a double degenerate surface state
Γ2 with energy of −3.1 eV. As seen in its charge density distribution of Figure 2, it has a dxy, dx2−y2

character and its wave function is strongly localized at the surface atomic layer. When the wave vector
moves away from the Γ point, this state splits into two energy bands [84] with the positive and negative
dispersions, respectively. The upper energy band Γ2 seen in Figure 1a may be clearly resolved up to
energy of −2.6 eV along the Γ M direction, whereas along the Γ K direction it becomes a resonance at
energies above around −2.3 eV. This resonance state can be traced in this symmetry direction up to
energies exceeding 1 eV above the Fermi level.

In the vicinity of the M point, we find the surface state M3 above the Fermi level. Despite lack of
the energy gaps in the WSOC projected bulk electronic structure in this energy interval, this surface
state presents strong localization at the surface atoms as seen in Figure 2. At the K point, we find
surface states in the occupied part of the WSOC surface electronic structure. In the energy interval of
interest, we observe here an occupied surface state denoted as K4 at −1.66 eV in one of the energy gaps.
This surface state localizes in the two upper surface layers (see Figure 2). The orbital composition of
these surface states is a mixture of dxy, dxz, dyz, and dx2−y2 orbitals. Upon moving from the K point,
the K4 surface state disperses upward and quickly disappears reaching the energy gap edges.

Switching on the spin–orbit interaction substantially changes the calculated surface electronic
structure of Pt(111) as follows from comparison of Figure 1b with Figure 1a. In particular, significant
modifications are observed in the dispersion of the energy bands representing the projected bulk states.
Thus, the lower edge of the energy gap above the Fermi level at the Γ point shifts upward and locates
at 0.35 eV in the SOC case. It is accompanied by a significant downward shift of the other bulk band
forming this edge in the WSOC case to around −0.25 eV, which results in a dip in the Γ point vicinity.
This behavior is explained by the strong spin–orbit splitting [85–87] of the upper energy band along
the ΓL symmetry direction of the bulk Brillouin zone presented in Figure 3a. In Figure 3b, one can see
how the upper WSOC double-degenerate band I with energy of 0.09 eV above the Fermi level at L
splits in the SOC case into two energy bands I’, I” with energies of 0.39 and −0.26 eV at L. At the same
time, its dispersion in the Γ point vicinity is hardly affected by the spin–orbit coupling as well as in the
case of the lower energy band of mainly s-p character.
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Figure 3. (a) bulk Brillouin zone and its projection onto the (111) surface. Bulk electronic structure
of Pt along the (b) ΓL and (c) AB directions of the bulk Brillouin zone [38], determining the Au(111)
projected bulk states continuum atthe Γ and K points of the SBZ, respectively. The solid (dashed) lines
present energy bands calculated with (without) inclusion of the spin–orbit coupling. One can see how
upon inclusion the spin–orbit coupling a four-fold degenerate band I splits in two spin-degenerate
states I′ and I′′ along ΓL. Instead, the other bands, including the band II of interest here, are barely
affected by the spin–orbit interaction.

Moreover, upon inclusion of the spin–orbit coupling, the s-p-type unoccupied surface state
Γ1 splits into two spin-resolved bands. In the SOC calculation, these energy bands shift upward
and locate at around 0.35 eV at the Γ point. These modifications are accompanied by loosing the
surface-state-like character in the close vicinity of the Γ point. Instead, the energy bands having energy
of 0.11 eV at Γ acquire a clear surface state behavior with its charge density distribution similar to that
reported in Figure 2. It signals that the surface state band Γ1 penetrates slightly into the continuum of
projected bulk states caused by a notable spin–orbit splitting of the four-fold degenerate bulk energy
band determining the lower edge of the energy gap. Thus, in Figure 3b, the upper edge of the top
spin–orbit-split energy band at the bulk L point determining the energy position of the lower edge of
the gap is at 0.39 eV. In the case of Pt(111), the observed strong hybridization of the Γ1 surface state
with bulk states impedes determination of Bychkov–Rashba splitting parameter αR, which agrees with
References [38,80].

In Figure 1b, one can see how the surface states of the d character lying in the occupied part of the
spectrum experience substantial splitting and modification due to the spin–orbit interaction. The effect
of spin–orbit interaction on the surface state Γ2 is rather strong. Thus, at Γ, it splits into two bands Γ2′

and Γ2′′ with energies of −2.8 and −3.8 eV, respectively. Due to such a splitting, the energy dispersion
of the Γ2′ band is significantly more shallow in comparison with that of the WSOC Γ2 one around
the Γ point. At the same time, its dispersion along both symmetry directions at finite wave vectors
propagates in fairly the same energy window.

In the SOC calculation, we could not resolve any clear surface state at the M point. The effect
of the spin–orbit coupling on the surface state at the K point is significant despite its little effect of
the bulk electronic structure along the AB direction seen in Figure 3c. As a result, the surface state
K4 (with energy of −1.66 eV in the WSOC case) splits into two surface state bands K4′ and K4′′ with
energies of−1.56 and−1.86 eV, respectively. Since the upper energy spin-split state is pushed up in the
energy gap it maintains its surface-state-like character over extended momentum range in comparison
with the WSOC case. While the lower energy spin-split surface state K4′′ is moved down closer to the
energy gap edge, it quickly disappears upon moving away from the K point along the K M symmetry
direction. On the contrary, along the K Γ direction, it propagates over a larger distance due to the
strongly anisotropic shape of the energy gap.

In general, our calculated SOC Pt(111) surface electronic structure is very close to that reported
in reference [38], where detailed analysis of the all surface states on this surface can be found.
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A careful comparison of the calculated surface electronic structure of Pt(111) with the data of the
photoemission [88,89] and scanning tunneling microscopy [80] measurements is given in the same
publication as well.

The surface electronic states of predominantly d-type give rise to the strong peaks in the layer
density of states (LDOS) of Figure 1c. In particular, the strong excess of the charge in the surface layer
in comparison with the bulk LDOS is observed in the −1.79 to −0.19 eV interval due to the presence of
the K3 surface state. The effect of the spin–orbit coupling of LDOS is significant as well. In particular,
its inclusion reduces the LDOS in the surface layer just below the Fermi level and at −3 eV. The former
we relate to the disappearance of the WSOC band with strong surface localization around the M at the
Fermi level. The latter is explained by spin–orbit splitting of the surface state band Γ2 and states at the
K point.

3.2. Clean Au(111) Surface

In Figure 4a,b, we show the WSOC and SOC electronic structures of the Au(111) surface,
respectively. As mentioned above, due to the fullfilling of the 5d energy shell, the valence d band of
gold is completely filled and is represented in Figure 4a by the electronic states at energies below of
about −2.0 eV, while the electronic states at the Fermi level are mainly of the s-p type, in contrast to
what occurs in Pt. Another important difference is the energy position of the s-p energy gap at the Γ
point. Contrary to the Pt(111) case in Au(111), it is partly located below the Fermi level.
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Figure 4. The electronic structure of the Au(111) surface calculated for the 23 monolayer thick slab
without (a) and with (b) spin–orbit interaction. The surface states and resonances are indicated by red
dots. The surface states discussed in the text are labeled by symbols. In (a) and (b), the continuum
of the projected bulk electronic states for the Au(111) surface is shown by the yellow color while the
portion of the projected bulk electronic structure for Pt(111) located outside this continuum is presented
by the grey color. In (c), the layer density of states is shown for the top four and the central atomic
layers. Pink regions show the excess of LDOS in a given layer in comparison with the bulk values.

In the WSOC case of Figure 4a in the calculated surface electronic structure, in addition to the
projected bulk-like states continuum, there are three surface states. In an energy gap around the Γ
point at energies above −1.4 eV, one can see a surface state Γ1 with a parabolic-like upward dispersion.
It is partly occupied with its bottom located at energy of −0.51 eV at Γ. It is of a s-p type and rather
strongly localized at the Au(111) surface as demonstrates its charge density distribution reported
in Figure 5.
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(a) (b)

Figure 5. Charge density distribution of (a) Γ1, (b) M2 surface states on clean Au(111) surface obtained
from the WSOC calculation. The Au atomic positions are shown by yellow dots.

In the WSOC case, the other two surface states reside in the energy gaps in the vicinity of the M
point. The s-p-like state denoted as M2 is totally unoccupied and has upward dispersion with energy
of 1.3 eV at the M point. Plot with its charge density distribution at M shown in Figure 5 confirms its
strong localization in the three top Au atomic layers. The other surface state M3 is totally occupied and
has downward dispersion. It is located at energy of −1.5 eV at the M point.

Figure 4b shows the electronic structure of the Au(111) surface calculated with the spin–orbit
interaction included. Here, one can see several differences in comparison with the calculated WSOC
electronic structure of Figure 4a. First, the d-like electronic states forming the bulk-like continuum
are shifted closer to the Fermi level and its upper edge is located at the Γ point at energy of −1.7
instead of −2.0 eV in the WSOC case. Second, the s-p-like surface state Γ1 residing in the vicinity
of the Γ point is shifted downward and has an energy of −0.58 eV at Γ. Moreover, upon inclusion
of the spin–orbit interaction, this state experiences notable splitting of the Bychkov–Rashba type
with a splitting coefficient αR = 0.8 eV·Å. Third, at the M point in the occupied part, the energy gap
(containing surface state M3) existing in the −1.7 to −1.1 eV interval in the WSOC case is closed in
the SOC case. It is accompanied by disappearance of the surface state located in such a gap. Instead,
another narrow energy gap opens at about −2.1 eV in the projected bulk electronic structure. On the
contrary, the surface state M2 lying at the M point in the unoccupied part is not affected notably upon
switching on the spin–orbit interaction. The only effect is a slight spin–orbit splitting of this energy band
along the M K direction. In general, the Au(111) surface electronic structure calculated here is in good
agreement with previously published both theoretical [34,90,91] and experimental [31,92–100] results.

In Figure 4c, we show LDOS obtained from the SOC calculation for the top four and central
atomic layers of Au(111). It is well known that the densities of states for Au and Pt strongly differ from
each other, especially at the Fermi level. For bulk gold, the density of states at the Fermi level is around
0.25 states/eV, while, for bulk platinum, it reaches a value of 1.75 states/eV. In gold, the electronic
states at the Fermi level are mainly of the s-p character while the d-like states dominate electronic
structure in this energy interval in Pt. In the case of Au(111), a sharp increase in the density of states
due to the d band occurs at energies below ≈ −1.3 eV. In Pt, this threshold caused in the density of
states by the d states occurs at energy of about 0.5 eV in the unoccupied part.

As seen in Figure 1c, in the third and fourth atomic layers, the LDOS does not deviate significantly
from that for the inner bulk-like C layer. At the same time comparing Figures 1c and 4c it can be noted
that in both Pt and Au the LDOS of the surface and one subsurface layers is visibly different from that
of the inner layers, which can be explained by the presence of the surface electronic states.

The potential barriers at the vacuum and substrate interfaces confine the electrons in the absorbed
film interior. As a result, in thin films, the bulk electronic states transform into a set of states confined to
it. They are characterized by a quantized states in the direction perpendicular to the slab and a bulk-like
dispersion in the plane. In Figure 4a,b, we add the projected bulk continuum states of Pt(111) in order to
demonstrate its strong mismatch with the projected bulk electronic structure of Au(111). The electronic
states confined to the Pt adlayers in these regions get trapped in the adlayer since its penetration into
the metal is prohibited by the projected band gap of the substrate. In the following, we shall concentrate
on the formation of the QWSs in three regions, namely, in the s-p partly occupied energy gap at the Γ
point, in the totally unoccupied gap at M, and in the upper gap in the vicinity of the K point.
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3.3. n ML-Pt/Au(111) Heterostuctures

3.3.1. 1 ML-Pt/Au(111)

Figure 6 presents the electronic structure of the 1 ML Pt/Au(111) heterostructure. Its comparison
with the electronic structure of clean Au(111) surface of Figure 4 shows that adsorption of one Pt ML
leads to the dramatic changes in the electronic structure of the surface. In contrast to a pure Au(111)
surface in the unoccupied part of the WSOC electronic structure of Figure 6a, there is a s-p-type surface
state Γ1 with energy of 0.23 eV at the Γ point. The charge density distribution of this state at Γ is
reported in Figure 7. About 70% of this state is confined to the Pt atomic layer, i.e., this state resembles
more a Pt surface state rather than that of the Au surface. Furthermore, such high level of confinement
of this state to the surface atomic layer is larger than in the case of the surface state Γ1 on the Pt(111)
surface. This is confirmed by comparison of its charge density distribution in Figures 2 and 7. As a
result, one can conclude that deposition of one Pt ML on the Au(111) substrate results in complete
disappearance of a partly occupied s-p surface state at the Γ point inherent of a clean Au(111) surface.
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Figure 6. The electronic structure of the 1 ML-Pt/Au(111) surface calculated without (a) and with (b)
spin–orbit interaction. The surface and quantum-well states and resonances are indicated by red dots.
The states discussed in the text are labeled by symbols. In (c), the layer density of states is shown for
the Pt, top three and central Au atomic layers. Blue and pink regions show the excess of LDOS in,
respectively, Pt and Au layers in comparison with the corresponding bulk values.
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Figure 7. Charge density distribution of (a) Γ1, (b) Γ2, (c) Γ4, (d) M5, (e) M6, (f) K7, (g) K8, (h) K9 surface,
quantum-well, and interface states in the 1 ML-Pt/Au(111) heterostructure. The Pt and Au atomic
positions are shown by grey and yellow dots, respectively.
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In the WSOC electronic structure of the 1 ML-Pt/(Au111) heterostructure shown in Figure 6a, in
the vicinity of the Γ point in the energy interval studied here, in addition to the bulk-like electronic
states of the Au(111) substrate, there are three almost totally occupied d-type energy bands generated
by the Pt atoms. Two upper energy Pt-derived QWSs Γ2 and Γ3 meet each other at energy of −0.32 eV
at Γ. The dispersion of the upper Γ2 band is almost flat. In the WSOC calculation, it conserves its true
electronic state character almost over the whole Γ M direction, whereas, along Γ K, it transforms into a
resonance entering the projected bulk states continuum of the substrate

On the other hand, the Γ3 band experiences a strong downward dispersion upon moving away from
the Γ point. This state is a true electronic state in the wave-vector-energy region corresponding to the
energy gap of the Au(111) substrate. Upon leaving this gap, it quickly transforms into a resonant state.

The lower energy state Γ4 with energy of −2.0 eV at Γ has a rather flat dispersion in the vicinity of
the SBZ center. However, at finite wave vectors, its energy starts to increase very quickly. Along the
Γ K direction, it almost reaches the Fermi level, whereas, along Γ K, it experiences avoiding-crossing
interaction with the Γ1 band at around−0.4 eV. After that, this band crosses the Fermi level and reaches
the energy of ∼0.6 eV above the Fermi level at the M point.

The quantum-well character of these Pt-originated d-like states is confirmed from the analysis of
its spatial localization. As seen in Figure 7, the charge density of the Γ2 state is mainly confined to the
Pt ML due to its d orbital character and effective reflection caused by the existence of the energy gaps
in the electronic structure of the Au substrate and vacuum sides. Only a small fraction of its charge
can be detected in the vicinity of Au atoms forming the first atomic layer of the substrate. The spatial
localization of the Γ4 state in the first Au atomic layer is larger as seen in Figure 7 due to hybridization
with the Au d states. Nevertheless, its main portion resides around the Pt adatoms and does not
penetrate into the substrate.

In the unoccupied part of the 1 ML-Pt/Au(111) WSOC electronic structure of Figure 6a, one can
observe two bands with strong localization at the surface labeled as M5 and M6 located in the energy
gap of Au(111) with energies of 1.4 and 2.4 eV at the M point. Charge density distribution of M5 state
presented in Figure 7 reveals that wave function of this state is almost equally distributed between
the Pt and surface Au atomic layer. Significant density resides also in the second and third Au atomic
layers. From such behavior, we interpret this state as a hybridized Au surface state strongly modified
by Pt adsorption. On the contrary, the charge density of the M6 state is strongly localized in the Pt
atomic layer. It penetrates notably into the first Au atomic layer with only a small fraction in the
second Au atomic layer. Such strong localization at the surface can be explained by localization of this
state far inside the energy gap of the Au(111) substrate.

Additionally, the adsorbed Pt ML generate several electronic states in the wide energy gap in
Au(111) around the K point strongly confined to the surface. In contrast to a clean Au(111) surface
where no any surface state exists in the gap, in the WSOC 1 ML-Pt/Au(111) electronic structure of
Figure 6a, we observe three energy bands with wave function strongly linked to the surface region.
The upper energy state K7 is a clear QWS generated by the Pt adlayer. This is confirmed by its strong
spatial confinement to it as seen in Figure 7. As seen in Figure 7, the lower state K8 is mainly localized
in the surface Au atomic layer with significant part residing inside the Pt adlayer. The state K9 is
confined to the Pt and top two Au atomic layers.

When the spin–orbit interaction is taken into account, the dispersion of the surface and
QWSs in 1 ML-Pt/Au(111) changes significantly as demonstrated in the comparison of Figure 6a,b.
From the SOC surface electronic structure of Figure 6b, one can deduce that switching on the
spin–orbit interaction leads to the lowering the energy position of the Γ1 band. Thus, in Figure 6b,
it has energy 0.1 eV above the Fermi level at the Γ point. Moreover, it experiences significant
Bychkov–Rashba splitting into two spin-resolved bands with the splitting coefficient αR = 1.5 eV·Å.
This value is noticeably larger than the analogous splitting coefficient for the s-p-type state in Au(111)
(0.4–0.8 eV·Å (see references [30–32] and present calculations). This is an intriguing result that can
make this system attractive from the point of view of spintronics.
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Figure 6b shows that the d-type Γ2 and Γ3 QWSs split into two separate sets of spin-resolved energy
bands (Γ2′ ,Γ2′′ ) and (Γ3′ ,Γ3′′ ), respectively. The energy separation between these two sets of bands at Γ
is about 0.6 eV in the SOC calculation and comparable with energy splitting of a double-degenerate
band I along the ΓL direction of the bulk Brillouin zone of Figure 3b. Each pair of these bands is
degenerate only at the Γ point and its dispersion has shape of a Dirac cone similar to that realized
in the topological materials [101–104]. These four energy bands continue to be true electronic states
inside the Au(111) s-p energy gap. However, leaving this energy gap, these QWS bands experience
strong hybridization with the gold bulk-like electronic states. Moreover, in contrast to the WSOC
case, the Γ2′ and Γ3′ QWSs efficiently transform into resonances outside the energy gap. The effect
of spin–orbit interaction is even more dramatic on the Γ2′′ and Γ3′′ states, which quickly lose their
surface-like character leaving the energy gap of the substrate.

We do not detect a noticeable effect of the spin–orbit interaction on the spin splitting of the
Γ4 QWS. Probably, this is related to its origin in the non-dispersing part of the band I along the ΓL
direction, which does not experience significant spin–orbit splitting as seen in Figure 3b. On the other
hand, its energy position shifts upward slightly, reaching −1.9 eV at the Γ point. Due to a strong
hybridization of the upper Γ2 band with gold bulk-like electronic states along the Γ M direction, the Γ4

band does not experience notable hybridization with that band in the SOC case and disperses as a very
wide resonance at significantly lower energies towards the M point. Instead, along Γ K, its dispersion
is hardly affected by the spin–orbit coupling.

In the calculated SOC electronic structure of 1 ML-Pt/Au(111) in Figure 6b, the spin–orbit
interaction produces spin-spitting of M5 and M6 bands into two spin-resolved bands around the M
point. At the same time, these spin-split bands cross each other at the M point (Bychkov–Rashba
mechanism), although the magnitude of this splitting does not exceed 0.05 eV for these states.

Significant spin–orbit splitting can be observed in the QWS and interface states around the K point.
As a result, the three spin-degenerate energy bands residing in the Au(111) energy gap at this point
transform into six spin-resolved ones. The energy separation between the spin-split bands reaches
0.35 eV, as occuring between the K7′ and K7′′ bands along both the K M and K Γ symmetry directions.
Moreover, since the shape of the lower edge of the Au bulk states continuum changes considerably by
spin–orbit interaction, the dispersion of the lower energy bands notably deviate from the WSOC ones.
For instance, the K9 band in the WSOC calculation enters the projected bulk states continuum at the
upper edge of the Au(111) energy gap. Instead, the K9′ and K9′′ bands in the SOC electronic structure
originated from this band cross the lower edge of that energy gap.

Deposition of a Pt ML on the Au(111) substrate produces strong modifications in the LDOS as
shown in Figure 6c in comparison with both the Pt(111) (Figure 1c) and Au(111) (Figure 4c) clean
surfaces. One can see that the LDOS for the adsorbed Pt ML at the Fermi level is about 30% lower
than that for a pure Pt(111) surface. This can be explained by the lack at the Fermi level of d-type
electronic states in the Pt adlayer. Even the upward shift of the Γ2′ and Γ2′′ QWSs upon switching on
the spin–orbit interaction increases LDOS at the Fermi level by 10% only. Instead, we observe strong
enhancement in the Pt ML LDOS in the −0.3 ÷ −1.8 eV energy interval. This is explained by the
presence of the Pt d-like states in this energy region at Γ and K quantified due to a spatial confinement
in the direction perpendicular to the surface. Since the same states spatially penetrate into the surface
and subsurface Au atomic layers, a notable increase of LDOS of those layers in the same energy region
is observed in Figure 6c as well. Thus, the LDOS in the first Au layer is drastically enhanced at these
energies in comparison with that of any atomic layer of the clean Au(111) surface of Figure 4c, as well
as from deeper layers of the heterostructure. Even in the second Au atomic layer, the LDOS at−1.25 eV
is enhanced twice due to contribution from the Pt QWSs.

3.3.2. 2 ML-Pt/Au(111)

The electronic structure of 2 ML-Pt/Au(111) presented in Figure 8 demonstrates that deposition
of additional Pt atomic layer results in strong variations in almost all regions. As in the previous
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1 ML-Pt/Au(111) case in the energy gap at Γ, we observe the s-p-type surface state Γ1. Increase of the
Pt adsorbate thickness produces its slight shift upward. Thus, in the WSOC case of Figure 8a, this state
is located at 0.4 eV above the Fermi level at Γ. As in the case of one Pt adlayer, it disperses upward
and keeps its surface character even at larger energies. The charge density distribution of this state
shown in Figure 9 reveals its significant penetration into the second Pt atomic layer. Some part of this
state can be detected in the vicinity of the first and second Au atomic layers as well. Nevertheless,
the penetration of this state into the gold substrate is significantly reduced in comparison with the
1 ML-Pt/Au(111) case.

-3

-2

-1E
n
er

g
y

 (
eV

)

K � M K K � M K
LDOS (arb. units)

(a) (b) (c)

0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 3
-3

-2

-1

0

1

2

3
SS-1S-2S-3C

0

1

2

3

1

2

3

4

5

6

7

9

8

11

8', 9'

10',10''10

2'

2''3'

3''

1

6

5

4

7

12

8'', 9''

11',11''

12',12''

Figure 8. The electronic structure of the 2 ML-Pt/Au(111) surface calculated without (a) and with (b)
spin–orbit interaction. The surface and quantum-well states and resonances are indicated by red dots.
The states discussed in the text are labeled by symbols. In (c), the layer density of states is shown for
two Pt, top two and central Au atomic layers. Blue and pink regions show the excess of LDOS in,
respectively, Pt and Au layers in comparison with the corresponding bulk values.
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Figure 9. Charge density distribution of (a) Γ1, (b) Γ2, (c) Γ4, (d) M6, (e) M7, (f) K8, (g) K9, (h) K10,
(i) K11, (j) K12 surface, quantum-well, and interface states in the 2 ML-Pt/Au(111) heterostructure.
The Pt and Au atomic positions are shown by grey and yellow dots, respectively.

Below the Fermi level in the WSOC electronic structure, we observe three d-like energy bands
strongly localized in the Pt atomic layers. The dispersion of the Γ2 and Γ3 bands in Figure 8a is
qualitatively similar to that given in Figure 6a. However, in the 2 ML-Pt/Au(111) system, these bands
are located significantly closer to the Fermi level. For instance, they meet each other at the Γ point at



Materials 2017, 10, 1409 12 of 21

energy only of −0.13 eV. Moreover, because of its almost flat dispersion, the Γ2 QWS band disperses
almost parallel to the Fermi level, which drastically increases the LDOS in vicinity of the Fermi level,
as will be discussed below. Being located at higher energy in the energy gap of the Au(111) substrate,
these states experience stronger repulsion from the Au(111) energy gap as well, which result in its
stronger confinement to the Pt adlayer.

As seen in Figure 8a, the increase of the Pt film thickness generates the Γ4 and Γ5 QWS bands,
which are degenerated at Γ meeting at −1.3 eV. Due to such energy position, they have their origin in
the strongly dispersing part of the bulk band I along the ΓL direction presented in Figure 3b. The charge
density distribution of the state Γ4 shown in Figure 9 confirms its strong spatial confinement to the
top Pt two atomic layers and orbital composition similar to that of the Γ2 and Γ3 states. The upper
energy Γ4 band has positive dispersion and quickly loses its surface character moving away from
the Γ point. Instead, the Γ5 band propagates over a much more extended wave vector region. Along
the Γ M direction, this band initially is almost dispersionless. At wave vectors exceeding the 4/10
distance between the Γ and M points, this band begins to disperse rather steeply towards the Fermi
level, reaching it around the M point. Instead, in the Γ K direction, the Γ5 band has initial negative
dispersion and drops down to energy of −1.8 eV. After that, its dispersion turns out to be positive.
At energies above −0.9 eV, this state converts into a weak resonance caused by its interaction with the
Pt-derived Γ3 QWS and bulk Au states.

In the Au(111) energy gap above the Fermi level at the M point, the number of states linked to the
surface is maintained to be two. However, in contrast to the 1 ML-Pt/Au(111) heterostructure, the M6

and M7 bands in 2 ML-Pt/Au(111) are located at significantly higher energies. As a result, the M6 state
strongly reduces its penetration into the gold substrate as seen in Figure 9. In the same figure, one can
see how the charge density of the M7 state at M almost entirely localizes in the two Pt atomic layers.
Only its small fraction penetrates into the first Au layer.

At the K point, we also observe the increase in the number of states linked to the Pt adlayer.
Now, we can detect up to five such bands in the upper energy gap of Au(111). In close vicinity of
the Fermi level, there are two bands labeled as K8 and K9 dispersing rather closely to each other and
meeting at the K point at −0.34 eV. Note that these bands are located in the grey region showing
the bulk projected states continuum of Pt(111) signalling about their clear QWS character. This is
confirmed by the spatial localization of the K8 and K9 states almost entirely into the surface and second
Pt layers, respectively, as seen in Figure 9.

Instead, dispersion of the lower energy band K10 partly occurs in the energy gap of both Pt and
Au. Despite this, Figure 9 shows that its wave function at K is fairly equally distributed between
two Pt layers. The K11 state is located in both Pt and top Au atomic layers. Figure 9 demonstrates
its hybridized character and reveals that, in the vicinity of Pt atoms, it has a clear dxy, dxz, dyz, dx2−y2

character, whereas, around the Au atoms, it possesses the d3z2−r2 symmetry.
As it occurs in the 1 ML-Pt/Au(111) heterostructure, the spin–orbit interaction strongly modifies

the electronic structure of the 2 ML-Pt/Au(111) system, as one can deduce comparing Figure 8a,b.
Again, the Γ1 surface state spits into two spin-resolved bands with αR = 1.6 eV·Å and shifts slightly
downward. It is located at 0.3 eV above the Fermi level at the Γ point.

Impact of the spin–orbit interaction on the electronic structure at the Fermi level is especially
dramatic in the 2 ML-Pt/Au(111) system. Its inclusion places the Γ2′ and Γ2′′ QWS bands exactly at
the Fermi level. Interestingly, in the SOC case, these and the Γ3′ and Γ3′′ spin-resolved bands have a
clear surface character only inside the Au(111) energy gap forming the Dirac cones. Leaving this gap,
they quickly transform into weak resonances.

Spin-orbit interaction produces the splitting of the lower energy bands Γ4 and Γ5 as well. Although
the energy separation between bands Γ4 and Γ5 at Γ is notably smaller, the upper energy band Γ4

shifted upward maintains its surface-like character inside the energy gap of the substrate. Reaching
the edges of this gap, it quickly transforms into a weak resonance. In contrast to the above surface and
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QWS bands, we find that this band is spin-degenerate. The same occurs with the lower energy band
Γ5, which, even in the SOC case, is spin-degenerate at all wave vectors.

In the case of the 2 ML-Pt/Au(111) system, the spin–orbit coupling produces some effect on
the surface and QWS bands in the vicinity of the M and K points. The strength of its effect on
dispersion and spin–orbit splitting of these energy bands is similar to that discussed in the case of the
1 ML-Pt/Au(111) system. However, the important difference is that the spin–orbit splitting strongly
modifies the dispersion of the upper energy bands K8′ and K9′ around the K point, pushing them up
towards the Fermi level like it occurs in the case of the upper QWSs at the Γ point.

Presence of the Pt-derived QWSs in the vicinity of the Fermi level strongly enhances the LDOS
in the surface Pt layer. As seen in Figure 8c, the LDOS in the surface Pt layer exceeds by about 20%
its bulk value in Pt. This is accompanied by strong enhancement of the LDOS in the surface layer in
a energy window from −1.67 to 0.2 eV. The excess of charge in the surface layer can be observed at
energies below −2 eV as well. The LDOS in the second Pt layer also significantly exceeds the bulk
Pt values in wide energy intervals. The largest enhancement is observed in the energy interval from
−1.64 to −0.2 eV. Interestingly, in fairly the same energy interval, a notable increase of LDOS in the
first Au atomic layer presents as well, which can be explained by a spatial penetration of the Pt-derived
QWS into the gold substrate.

3.3.3. 3 ML-Pt/Au(111)

An increasing number of adsorbed Pt atomic layers up to three has little effect on the energy
dispersion of the Γ1 surface state, as can be seen in Figure 10. In the WSOC case, it is located in
respect to the Fermi level in a position similar to that in the 2 ML-Pt/Au(111) system. Its charge
density distribution reported in Figure 11 reveals that it is very similar to that of a clean Pt(111) surface
of Figure 1c. Only a small fraction of this state resides in the first and second Au atomic layers.
Nevertheless, it seems such penetration into the gold substrate still has some effect on the energy
position of this surface state since, at the Γ point, it is located about 0.2 eV higher energy than occurring
on the clean Pt(111) surface.
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Figure 10. The electronic structure of the 3 ML-Pt/Au(111) surface calculated without (a) and with
(b) spin–orbit interaction. The surface and quantum-well states and resonances are indicated by red
dots. The states discussed in the text are labeled by symbols. In (c), the layer density of states is shown
for three Pt, top and central Au atomic layers. Blue and pink regions show the excess of LDOS in,
respectively, Pt and Au layers in comparison with the corresponding bulk values.

Analyzing the WSOC electronic structure of 3 ML-Pt/Au(111) reported in Figure 10a, one can
notice an increasing number of Pt-derived states in all three Au(111) energy gaps of interest here.
Thus, around the Γ, we observe five QWS bands. The upper four of them are located in the Au(111)
energy gap and are true QWSs. On the contrary, the lower energy Γ6 state at all wave vectors coexist
with the Au bulk-like states. Nevertheless, due to the difference of its symmetry with that of the s-p
electronic states forming the Au bulk continuum, the state Γ6 is a well defined quantum state over a
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large region in the SBZ in the WSOC calculation. The charge density distributions of the Γ2, Γ4 and Γ6

states reported in Figure 11 confirm its d-like character and confinement to the Pt film. Thus, one can
see that the Γ2 state is mainly localized in all three of the Pt atomic layers, having maximal value at the
surface atoms. On the contrary, the Γ4 state has two similar maxima on the first and third Pt atomic
layer and is negligible in the vicinity of the second Pt layer. Wave function of Γ6 state has a maximum
on the second Pt layer, whereas its amplitude on the surface layer is relatively small.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

Figure 11. Charge density distribution of (a) Γ1, (b) Γ2, (c) Γ4, (d) Γ6, (e) M7, (f) M8, (g) M9, (h) K10,
(i) K11, (j) K12, (k) K13, (l) K14, (m) K15, (n) K16 surface, quantum-well, and interface states in the 3
ML-Pt/Au(111) heterostructure. The Pt and Au atomic positions are shown by grey and yellow dots,
respectively.

At the M point in the upper energy gap of the gold substrate in the electronic structure of the
3 ML-Pt/Au(111) system, we observe three states labeled as M7, M8 and M9. Analysis of a charge
density distribution of the M7 reported in Figure 11 reveals that it resides mainly in the Pt and Au
atomic layers forming the interface. On the other hand, the charge density distribution plots presented
in Figure 11 demonstrate that the M8 and M9 are typical QWSs, since they are strongly confined to the
Pt adlayer.

In the electronic structure of Figure 10a, one can observe three energy bands labeled K10, K11,
and K12, which correlates with the presence of three atomic layers in the Pt film. Moreover, the upper
energy band K10 crosses the Fermi level in both symmetry directions, whereas the K11 and K12 states
are totally occupied being located inside the Au(111) energy gap. Analysis of the charge density
distributions of these three states at the K point reported in Figure 11 reveals an interesting situation
that contradicts a conventional particle-in-box model. The upper energy state K10 is almost entirely
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localized in the second Pt atomic layer. The K11-state wave function resides mostly in Pt atoms forming
the surface layer. Finally, the K12 state has strong localization in the third Pt atomic layer. We explain
such strong localization of these QWSs in certain atomic layers by the almost flat dispersion of the
upper energy bulk band generating (presented in Figure 3c) these QWSs.

In the lower part of the Au(111) energy gap, we observe three states reaching the K point.
The charge density distribution in Figure 11 shows that the upper energy K13 state has localization in
the top two Pt atomic layers. The wave function of the K14 state spreads over the second and third Pt
and first Au atomic layers. On the contrary, the K15 state localizes in the first Au atomic layer with
only a small portion residing around the Pt atoms in the third layer. The K16 localizes at the Pt/Au
interface with the maximum in the second Au atomic layer.

As in the previous heterostuctures, the spin–orbit interaction produces a strong impact on the
electronic structure of the 3 ML-Pt/Au(111) system. As seen in Figure 10b above the Fermi level,
the surface, quantum-well and interface s-p-like states at the Γ and M points split into a couple of
two spin-resolved energy bands due to the Bychkov–Rashba splitting mechanism. In particular, αR
is of 1.7 eV·Å for the Γ1 state. Note that the region around the Γ point, where the fitting of the Γ1

surface state dispersion in the Bychkov–Rashba model is valid, reduces upon increase of the Pt adlayer
thickness due to hybridization with the bulk-like QWSs. Eventually, at sufficiently thick Pt film,
the determination of αR will be impossible.

In the Au(111) energy gap in the vicinity and below the Fermi level at the Γ point, the Pt-derived
QWSs experience the spin–orbit splitting in the same manner as it occurs in the heterostructures with
one and two adsorbed Pt atomic layers. The magnitude of spin-splitting is at a maximum in the Γ2, Γ3,
Γ4 and Γ5 QWSs located at the higher energies and is minimal in the Γ6 QWS band located at lower
energy. One can notice that the energy splitting among the (Γ2′ , Γ2′′ ) and (Γ3′ , Γ3′′ ) bands at the Γ point
is fairly the same as in the previous systems with Pt adlayers, in such a way confirming its origin in the
bulk bands I′ and I′′ along the ΓL direction of Figure 3b. As a result, the Γ2′ state becomes completely
unoccupied in the 3 ML-Pt/Au(111) system, whereas the Γ2′′ crosses the Fermi level two times in each
symmetry direction.

As seen in Figure 10b, six spin-degenerate energy bands located in the Au(111) energy gap at K in
the WSOC electronic structure of 3 ML-Pt/Au(111) transforms into twelve spin-resolved bands upon
switching on the spin–orbit interaction. Comparison with the SOC electronic structure in systems
with one and two Pt atomic layers shows that the spin–orbit splitting is notably smaller in a system
containing three Pt layers. On the other hand, from such a comparison, one can deduce that the
spin–orbit splitting of the states at the K point is maximal in 1 ML-Pt/Au(111) and gradually reduces
with the increase of atomic layers in the Pt film. Eventually, it disappears in thick Pt films.

The calculated LDOS of 3 ML-Pt/Au(111) shown in Figure 10c presents differences with that of the
clean Pt(111) surface. Thus, in the surface Pt layer, we find the extra charge just above the Fermi level
caused by the presence of the Γ2 QWS. The shape of the LDOS for this atomic layer below the Fermi level
is distorted in comparison with that of Figure 1. However, the main modifications in the LDOS occur
in the second and third Pt atomic layer. Thus, comparing the LDOS in Figures 1c and 10c, we observe
accumulation of the extra charge in these layers in the 3 ML-Pt/Au(111) heterostucture. Note also the
accumulation of charge in the interface Au layer at and below the Fermi level in this system.

Analyzing the LDOS in all the systems studied, we observe that, in comparison with the clean
Pt(111) surface, the strongest enhancement in the surface atomic layer is observed in the 1 ML-Pt/Au(111)
heterostructure. To be specific, the LDOS integrated in the −3 eV to 0 interval exceeds that on the clean
Pt surface by about 20%. According to the model proposed in Ref. [18], such increase would result in
increasing reactivity of the Pt/Au(111) systems. In 2 ML-Pt/Au(111), this value drops to 8% and reduces
to 7% in 3 ML-Pt/Au(111). This tendency correlates with the experimental observation of maximal
catalytic activity in a 1 ML Pt film on the gold surface. This activity decreases monotonically with the
increase of film thickness and reaches its bulk Pt behavior beyond three Pt MLs [27].
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4. Conclusions

We studied the electronic structure of the atomically thin Pt films deposited on the Au(111)
surface in the framework of the density-functional theory. The calculated electronic structure of the
n ML-Pt/Au(111) heterostructures containing one, two and three Pt atomic layers allowed us to
investigate in detail the formation of Pt-derived quantum-well and interface states upon variation of
the number of atomic layers. In particular, we scrutinized the evolution of the Pt-induced states in
wide energy gaps of Au(111) in vicinity of the Γ, M, and K points in the SBZ.

We show that the s-p Shockley surface state of Au(111) becomes totally unoccupied in all
Pt-covered systems studied. The deposition of the Pt adlayers results in the appearance of the d-type
spin-resolved QWSs in the wide energy gap at the SBZ center. Comparison of its spatial localization in
the systems with different Pt adsorbate thickness confirms its a particle-in-box scenario. The spin–orbit
splitting of these states is unusually large. In a significant energy range, the dispersion of these
spin-resolved QWS bands presents a Dirac-cone-like shape.

Above the Fermi level at the M point of the SBZ, we observe formation of s-p-like Pt-derived
QWSs and transformation of the Au(111) surface state into the Pt/Au interface state. Around the K,
the Pt adlayer generates d-type QWSs with strong localization at the surface. Analysis of its spatial
localization reveals that each such quantum state localizes almost entirely in a certain Pt atomic layer,
contradicting a particle-in-box model. We explain such behavior by almost flat dispersion of the bulk
energy band that produces these QWSs.

The presence of a large number of the strongly localized surface, quantum-well and interface
states results in strong enhancement of the LDOS in the n ML-Pt/Au(111) systems in comparison
with that of the clean Pt(111) and Au(111) surfaces. Such enhancement correlates with the increasing
catalytic activity of such systems.

Acknowledgments: We acknowledge the Tomsk State University competitiveness programme (Project
No. 8.1.01.2017) and partial support by the Saint Petersburg State University (Project No. 15.61.202.2015).
I.V.S. acknowledges financial support from the Ministry of Education and Science of the Russian Federation
within governmental program Megagrants (State Task No. 3.9003.2017/Π220 or 3.9003.2017/9.10). Y.M.K.
acknowledges the Russian Foundation for Basic Research (Project No. 15-02-02717-a). E.V.C. acknowledges the
Spanish Ministry of Science and Innovation (Grant No. FIS2016-75862-P). Calculations were performed at the
SKIFCyberia supercomputer of Tomsk State University and at the Research park of St. Petersburg State University
Computing Center (Russian Federation).

Author Contributions: I.V.S. and Y.M.K. performed the calculations. All authors contributed to analysis and
discussion of the calculated data. I.V.S., Y.M.K. and E.V.C. prepared the manuscript. P.M.E. supervised the project.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ML monolayer
QWS quantum-well state
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SOC spin–orbit coupling
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